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ABSTRACT 

 

Clinical evidence in microvascular disease suggests that T-type Ca++ channel 

blockers (CCBs) have benefits over conventional L-type CCBs, however the basis 

for this remains largely unknown. The objective of this study was to examine 

vascular reactivity utilising both pharmacological and molecular techniques. This 

thesis is composed of three sections including (A) an Introduction, (B) Functional 

Vascular Studies and (C) Molecular Vascular Studies. 

 

Section A summarised fundamental principles of the vasculature including an outline 

of the vascular system, vascular physiology, vascular cell biology, regulation of 

cytosolic Ca++ and vascular pathophysiology. 

 

Section B utilised isolated vessels and wire myography to determine the effect of 

pre-treatment with L-type CCBs (verapamil and nifedipine) and combined L- and T-

type CCBs (mibefradil and efonidipine) on endothelin-1 (Et-1) and K+-mediated 

contractile responses in large (rat aorta) and small (rat mesenteric and human 

subcutaneous) vessels. All four CCBs inhibited both Et-1 and K+-mediated 

contractile responses to a similar extent in large rat vessels, however in rat 

microvessels the combined L- and T-channel blockers produced significantly greater 

inhibition of contraction than L-channel blockers alone. The significance of this 

differential T-channel effect in microvessels was further supported by: (1) 

demonstration of divergent CCB responses in human microvessels, (2) incremental 

inhibition of constrictor responses with a combined L- and T- CCB despite maximal 



  

 xxiii 

L-channel blockade, (3) utilisation of structurally diverse CCBs with varied affinity 

for L- and T-channels, (6) use of pharmacodynamically and therapeutically 

appropriate CCB concentrations, (7) confirmation of contractile agonist independent 

responses, (8) consistent results even in the presence of an altered microvascular 

physiology in the form of chronic Et-1 activation and (9) exclusion of an 

endothelium-dependent mechanism. 

 

Section C utilised the molecular techniques of quantitative polymerase chain reaction 

(PCR) and ratiometric western blotting to examine the distribution of the pore-

forming subunits Cav1.2, Cav3.1 and 3.2 in both large (rat aorta) and small (rat 

mesenteric) vessels. The PCR data was equivocal with no difference noted in the 

distribution of the L- and T-channels between large and small vessels. In contrast to 

this, quantitative western blot analysis revealed that while there is a similar 

distribution of the three subunits in the large vessel, there is a significantly increased 

expression of both T-channel pore-forming subunits in microvessels (Cav3.1: 112 ± 

38%*, Cav3.2: 168 ± 48%* relative to L-channel expression, *p<0.05).  

 

Considered together these ‘functional’ and  ‘structural’ studies indicate the important 

role of the Ca++ T-channel in regulating contractile responses in the microvasculature 

and their therapeutic potential. 
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A.1 SCOPE 

Calcium (Ca++) channels in the vasculature are responsible for the ability of blood 

vessels to constrict and relax, thereby controlling blood flow and vascular tone. 

Specifically, the smaller vessels of the vasculature - the microvessels - have the 

greatest impact on this vascular tone. These microvessels control the resistance of the 

vasculature and consequently have been termed the resistance microvessels. Situated 

within the walls of the blood vessels are the vascular smooth muscle cells (VSMCs), 

and these are directly responsible for regulating tone. 

 

The constriction and relaxation of vessels are regulated by a plethora of mediators 

that influence the tone of the vessels. Specifically, the endothelial, humoral and 

neurogenic groups contain several important mediators. Ca++ plays a vital role in the 

constriction of the VSMCs of blood vessels to the extent that the greater the 

concentration of Ca++ the greater the constriction. Ca++ is able to enter the cell 

through receptors located on the plasma membrane of a cell, the Ca++ channels. There 

are many types of Ca++ channels including voltage-operated Ca++ channels, receptor-

operated Ca++ channels and store-operated Ca++ channels.  

 

Any disturbance in the above regulatory mechanisms can result in the manifestation 

of many cardiovascular syndromes including large conduit vessel disorders 

(including coronary artery disease and peripheral artery disease) and small resistance 

vessel disorders (including coronary microvascular disorders, hypertension and 

cerebral microvascular disorders).  
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Although there is an abundance of knowledge in the field of cardiovascular 

physiology I will be restricting this introduction to the areas pertinent to this thesis. 

Specifically, the vasculature, calcium channels and the pathophysiology of certain 

cardiovascular disorders. 

 

A.2 THE VASCULATURE 

A.2.1 Vascular Anatomy 

Within each circulatory bed there are both large conduit vessels and the resistance 

microvasculature. The large conduit vessels include large arteries which have an 

internal diameter greater than 500μm. All vessels less than 500μm in diameter form 

the resistance microvasculature which can be further subdivided, according to size, 

into the pre-arterioles (500 – 100μm), arterioles (100μm) and capillaries (10μm) 

(Figure 1).  

 
 
Figure 1: Pressure drop, relative to vessel size, in the hamster 
cheek pouch circulation. The division between different vessel 
types within the same vascular bed as determined by internal 
diameter. Modified from Davis et al. 19861. 

 

a1172507
Text Box
                           NOTE:     This figure is included on page 3  of the print copy of the thesis held in    the University of Adelaide Library.
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The vasculature can be divided into three main systems, these being the arterial 

system, venous system and microcirculation. 

 

A.2.1.1 ARTERIAL SYSTEM 

The arterial system is the network of vessels responsible for providing oxygenated 

blood to peripheral tissues. This system consists of the aorta, smaller arteries and 

arterioles. The resistance of the arterial system is primarily focused at the arteriolar 

and pre-arteriolar level, and controls the flow of blood to the capillaries. When the 

arteries reach the tissue to which they supply blood, they branch into smaller 

arterioles and then into capillaries to allow for the transfer of oxygen and nutrients 

into the target tissue (Figure 2). 

 

A.2.1.2 VENOUS SYSTEM 

While the arterial system is responsible for carrying oxygenated blood to the tissues, 

the venous system is responsible for returning de-oxygenated blood and waste 

materials to the right heart chambers. From here it is pumped to the lungs for re-

oxygenation before returning to the left heart chambers for subsequent peripheral 

circulation. The vessels involved in this transfer begin after the capillaries, which 

merge to form venules and then veins (Figure 2). 

 

A.2.1.3 MICROCIRCULATION 

The vascular network, which lies between the arteries and veins, defines the 

microcirculation. The vessels involved in this system are generally smaller than 

500μm and includes the pre-arterioles, arterioles, capillaries and venules (Figure 2); 
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each has a unique function. The arterioles contain a large amount of vascular smooth 

muscle (VSM) and as such are responsible for delivering blood to tissues and 

regulating the rate of delivery. The capillaries have a very thin wall making them 

ideal for the exchange between blood and tissue. Finally, the venules then return this 

blood from the capillaries back to the heart via the venous system2.  

 

The microvasculature, including the pre-arterioles and arterioles, plays a vital role in 

determining vascular resistance. These vessels can substantially alter their calibre in 

terms of regulating blood flow into the capillary bed. The arterioles are able to dilate 

up to 50% from normal levels in response to stimuli and are therefore well suited to 

regulating blood flow2. Conversely they can strongly vasoconstrict with the distal 

arterioles capable of closing completely under maximal stimulation3. 

 

Figure 2: Illustration of the circulatory system showing the 
progression from artery � arteriole � capillary � venule � vein. 
Modified from The Merck Manual4. 

 

 

a1172507
Text Box
                           NOTE:     This figure is included on page 5  of the print copy of the thesis held in    the University of Adelaide Library.
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A.2.2 Functional Anatomy 

Figure 1 from Davis’ work indicates that 50% of the total pressure drop occurs in the 

small arteries of the microvasculature, specifically those vessels between 300μm - 

100μm in diameter1, 5. These vessels play a significant role in regulating resistance 

and blood flow. Furthermore, myogenic responsiveness in these vessels increased 

with decreasing vessel size. Maximum responsiveness was reached at the level of 

“intermediate-sized” arterioles rather than in more terminal arterioles6. The pressure-

diameter relationship in Figure 1 is not unique to the hamster cheek pouch, with it 

described in other regional circulations including the mesenterics7, the intestinal 

wall8 and cremaster muscle9. 

 

A.2.3  Vascular Histology 

Histologically, blood vessels have three separate layers: 

(1) An intimal layer having an internal elastic membrane with an endothelial 

lining and a subendothelial layer of connective tissue. 

(2) The media, composed primarily of circularly arranged smooth muscle 

layers interspersed with elastic and collagenous fibres. 

(3) The adventitia which, consisting of connective tissue, is defined by its 

external elastic membrane. 

 

A.2.3.1 INTIMA 

Originally, the endothelium was considered to be an inactive, single layer of cells 

which existed only as a boundary between the reactive smooth muscle cells of the 

media and the circulation. However, this was revised when Furchgott and Zawadzki10 
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demonstrated a consistent vasomotor response to acetylcholine in rabbit aorta when 

the endothelium was removed. Since their original demonstration it has been shown 

that the endothelium releases a vast number of substances including: (a) vasoactive 

factors11, 12, (b) inflammatory modulators13 and (c) haemostatic factors14. The 

endothelium has a variety of functions which it achieves via these endothelial 

substances. These include regulation of: (a) vascular permeability15, (b) vascular 

tone11, 16, 17, (c) vascular growth and repair18, (d) leukocyte and platelet adhesion19, (e) 

thrombosis and fibrinolysis20, 21, (f) inflammation22, 23, (g) lipid oxidation24, 25, and (h) 

myocardial ischaemia26. Thus, it can be seen that the endothelium plays an important 

part in many physiological and pathophysiological states beyond its original role. 

 

A.2.3.2 MEDIA 

The VSMCs are arranged in either a circular or spiral fashion within the media layer 

and are connected by collagen fibrils. Although the principal role of the VSMCs in 

vascular tissue is to modulate vasomotor tone27 they have a number of other 

important roles. Smooth muscle cells are the most abundant cell type in the arterial 

wall and thus their response to certain trophic substances impacts on vascular 

responses. In hypertension, for example, smooth muscle cell hyperplasia has 

important consequences in arterial compliance28 through the production of 

extracellular matrix products including collagen29, 30 and proteoglycans31, 32. In 

atherosclerosis, migration of smooth muscle cells to the intima results in plaque 

formation which may eventually impinge on the vessel lumen to such an extent that 

it increases vascular resistance33. 



Section A: Introduction 

 

 

8  

A.2.3.3 ADVENTITIA 

The adventitia is a collection of loose connective tissue between the perivascular 

tissue and fluid layers. The larger arteries, however, contain perivascular nerves34 as 

well as the vasa vasorum35. Inflammatory cells may also be found here yet they are 

generally sparse36, 37. This adventitial layer may be significant as it may be involved 

in regulating vasomotor tone. Specifically the adventitia has been shown to have the 

capacity to contract and relax in response to vasoconstricting and vasodilating 

drugs38, 39. 

 

A.3 VASCULAR PHYSIOLOGY 

A.3.1 Haemodynamic Principles 

The principle haemodynamic law of blood flow from Darcy40 is derived from Ohm’s 

law, relating to electricity. Expressed in relation to the cardiovascular system this 

states that the total volume of blood flowing through the vessel per unit time, flow 

(Q), is proportional to the pressure gradient across the vessel (P) divided by the 

resistance (R): 

  Q  =  �P /R   

Using Darcy’s formula this equates to: 

 CO  =  80 � ((MAP- RAP)/TPR) 

where RAP represents mean right atrial pressure and TPR is total peripheral 

resistance.  

 

Poiseuille’s equation of fluid dynamics states: 

 Q  =  (�P  �  r4)/(�  �  l � 8) 
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where  P = the pressure gradient, r = vessel radius, � = fluid viscosity and l = vessel 

length. 

 

By combining Poiseuille’s equation with Ohm’s law it is possible to identify factors 

that influence the resistance within a blood vessel: 

 R  =    (� �  l  �  8)/ r4  

 

The major determinant of resistance is the radius of the vessel since both blood 

viscosity and vessel length are relatively fixed. The radius inversely influences the 

resistance to the fourth power; as such a small change in vessel diameter results in a 

large change in blood flow. Hence, blood flow can be dramatically regulated by 

influencing vascular tone.  

 

A.3.2 Regulatory Influences of Vascular Tone 

There are many regulatory determinants within the vasculature which contribute to 

the regulation of blood flow. These include endothelial, humoral and neurogenic 

influences. 

 

A.3.2.1 ENDOTHELIAL INFLUENCES 

As mentioned above Furchgott and Zawadzki10 first described the primary role of the 

endothelium in vasomotor control and hypothesised the existence of an endothelial-

derived vasodilating factor (EDRF). EDRFs induce the relaxation of VSMCs and this 

consequently results in vessel dilation. The EDRFs considered to be most important 
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were later identified as nitric oxide41, 42, prostacyclin43 and endothelium-derived 

hyperpolarising factor (EDHF)44. 

 

A.3.2.1.1    Nitric Oxide 

Nitric oxide (NO) is synthesised in endothelial cells from the amino acid L-arginine 

by nitric oxide synthase (NOS). In most vessels NO results in vessel dilation through 

the activation of soluble guanylate cyclase, which increases cellular levels of cyclic 

guanosine monophosphate (cGMP). This process activates protein kinase G (PKG) 

and in turn elicits a decrease in intracellular Ca++ concentration45. 

 

There are three different forms of NOS which may be involved in the synthesis of 

NO: firstly, neuronal NOS (nNOS); secondly, endothelial NOS (eNOS); and thirdly, 

inducible NOS (iNOS). Neuronal NOS (nNOS) is primarily located in the central46 

and peripheral nervous systems47 but has recently been identified as assisting with the 

regulation of vascular tone and blood flow48, 49, purportedly through vasodilation50. 

The second form of NOS is endothelial NOS (eNOS) which is a Ca++-calmodulin 

dependent enzyme predominantly found in the endothelial cells51, 52, cardiac 

myocytes53 and platelets54. In a recent study in mice, the large conduit vessels’ eNOS 

produces NO to generate smooth muscle cell relaxation. In comparison the small 

resistance vessels’ eNOS produces EDHF to stimulate relaxation55 (Figure 3).  
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 Figure 3: Differential role of NOS as determined by vessel size. In the larger 
conduit artery eNOS acts to produce NO which diffuses into the underlying 
VSMCs. This increases cyclic GMP and leads to relaxation. In the small 
resistance vessels, however, eNOS initiates a cascade of reactions ultimately 
producing EDHF and smooth muscle cell relaxation. Modified from Takaki et al. 
200855. 

  

The third form of NOS is the Ca++-independent inducible NOS (iNOS). iNOS is 

induced in response to cytokines and bacterial agents in inflammatory and tissue 

cells56, 57. Interestingly, even though iNOS is considered Ca++ independent, iNOS 

expression may be regulated by intracellular Ca++ concentration58. An increase in 

intracellular Ca++ concentration at low levels of lipopolysaccharide (LPS) stimulates 

iNOS expression, whereas at high LPS levels iNOS expression is reduced58. 

 

Acetylcholine to Assess Endothelial Function 

Acetylcholine (ACh) has long been used to assess endothelial integrity as it elicits 

the production of NO. Furchgott and Zawadzki first noted that ACh acted on the 

a1172507
Text Box
                           NOTE:     This figure is included on page 11  of the print copy of the thesis held in    the University of Adelaide Library.
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muscarinic receptors, stimulating the release of relaxing factors. Furthermore, they 

demonstrated that endothelial cells were required for relaxation in VSM10.  

 

Vasodilation in response to ACh occurs through one of the following pathways, or a 

combination of the three: 

(1) The release of the endothelium-derived relaxing factor (EDRF) 

synthesised from NO, which diffuses to and subsequently relaxes the 

nearby VSM10, 59. 

(2) Prostaglandin I2 (PGI2) produced by the activation of cyclooxygenase60, 

61. 

(3) The release of endothelium-derived hyperpolarising factor (EDHF) – 

EDHF is responsible for the persistent dilation and hyperpolarisation of 

the VSMCs62. 

  

A.3.2.1.2   Prostacyclin 

Prostacyclin was first described as an EDRF by Moncada et al.43 who reported high 

prostacyclin concentrations in the endothelium. The main functions of prostacyclin 

are vasodilation16, 17 and inhibition of platelet aggregation63, 64. Other roles of 

prostacyclin include a cytoprotective role concerning the gut65, 66, liver67, 68, heart69, 70 

and mediation of haemorrhagic71 and endotoxic shock72. Furthermore it possibly 

inhibits atherosclerosis by preventing growth factor release and cholesterol uptake73, 

74.  
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Interestingly, the interaction between prostacyclin and NO has a synergistic effect on 

the VSM. NO inhibits a particular cyclic adenosine monophosphate (cAMP) 

phosphodiesterase, which is responsible for cAMP breakdown. This inhibition of 

cAMP breakdown consequently prolongs prostacyclin’s vasodilating effects75, 76. 

 

A.3.2.1.3 Endothelium-Derived Hyperpolarising Factor 

Many studies have demonstrated the existence of another endothelium-derived 

vasodilating factor independent of EDRF known as endothelium-derived 

hyperpolarising factor (EDHF). Chen et al.62 showed that not all endothelium-

dependent relaxations could be explained by NO or prostacyclin. Instead, there 

appeared to be another substance, which resulted in the hyperpolarisation, and 

subsequently, relaxation of VSMCs.  

 

The specific regulation of EDHF-dependent vascular tone is still debated, with 

several suggested mediators including hydrogen peroxide77, 78, natriuretic peptide 

receptor-C79, 80 and arachidonic acid metabolites81, 82. Potassium (K+) is also believed 

to be involved with the EDHF phenomenon83, however its action is not consistent84. 

Specific to K+, the small-conductance and intermediate-conductance Ca++-activated 

K+ channels have been implicated in mediating EDHF vascular tone85-88. The 

observed relaxation response is often sustained whilst the initiating hyperpolarisation 

is only transient. Initially this prompted speculation that EDHF initiated smooth 

muscle cell relaxation by indirectly reducing Ca++ movement through the voltage-

dependent channels. However, Drummond et al. demonstrated that EDHF-induced 

relaxation was not mediated via the voltage-operated Ca++ channels in isolated 
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bovine coronary artery89. Instead, EDHF is released via a calcium-dependent 

mechanism86, 90 possibly involving calmodulin91. The interactions between EDRF and 

EDHF are not completely clear, however they are often co-released.  

 

EDHF has recently been investigated in relation to small vessel physiology. 

Specifically, while relaxation in large arteries is due to the combined effects of the 

EDRFs (NO, EDHF and prostacyclin) and EDHF, EDHF alone is responsible for 

relaxation of small resistance arteries85, 92-94.  

 

A.3.2.1.4  Endothelin 

Apart from endothelium-derived vasodilating factors there are endothelium-derived 

constricting factors to consider. One of the most potent endothelium-derived 

constricting factors is the 21 amino acid peptide, endothelin. Preproendothelin is the 

precursor for proendothelin which is cleaved to form the 3 endothelin isoforms – 

endothelin-1 (Et-1), endothelin-2 (Et-2) and endothelin-3 (Et-3)95.  
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Figure 4: Biosynthesis and amino acid sequence of Et-1, Et-2 
and Et-3. PreProEndothelin-1 is cleaved by endopeptidases into 
ProEndothelin which is then converted into the different isoforms 
of endothelin via Endothelin Converting Enzymes. Modified from 
Fagan et al. 200196. 

 

The Et-1 isoform is a potent vasoconstrictor97-99 and the only isoform released by the 

endothelial cells100. Et-2 is predominantly expressed in the pituitary101 and 

gastrointestinal tract102 and Et-3 is found in the brain103, kidney104 and gastrointestinal 

tract103.  

 

Two endothelin receptors have been identified - ET-A and ET-B receptors105, 106 - 

both of which are G-protein linked. Although ET-A receptors are widely abundant 

(see Table 1) high concentrations are found in cardiac myocytes and VSMCs107. 
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Upon binding to the ET-A receptor, Ca++ channels are activated, resulting in a 

cascade in which phospholipase C (PLC) is activated. This generates 1, 4, 5-inositol 

triphosphate (IP3) which liberates Ca++ from the sarcoplasmic reticulum (SR), thereby 

increasing intracellular Ca++ content. In VSMCs this Et-1-mediated pathway has a 

potent vasoconstricting effect99. Other known effects of ET-A stimulation include: 

(a) stimulation of protein kinase C (PKC) which promotes vascular mitogenesis108; 

(b) inhibition of chloride channel activation, therefore preventing catecholamine-

induced arrhythmias109; (c) activation of some K+ channels109; and (d) inhibition of 

the activation of L-type Ca++ channels109. 

 

ET-B receptors, however, are in abundance on endothelial cells and to a lesser extent 

on the smooth muscle cells100 (see Table 1). Stimulating these ET-B receptors results 

in the activation of PLC and subsequent generation of IP3
110, 111 possibly through the 

activation of the L-type Ca++ channels111. However, the ET-B receptors have an 

important functional difference in that they are also linked to an inhibitory G-protein 

which may activate the Na+/H+ transporter112, 113 and inhibit the production of 

cAMP114, 115. The ET-B receptors have also been shown to release nitric oxide116, 117. 
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Table 1: Expression of ET-A and ET-B receptors in normal 
physiology. Modified from Kedzierski and Yanagisawa, 2001107. 

 

Several investigators have researched the roles of the ET-A and ET-B receptors in 

the human coronary artery. In isolated human coronaries, Et-1 is seen to be 10 times 

more potent in the small, distal vessels than in the larger proximal segments. It is a 

response that was antagonised by the ET-A receptor blocker BQ123. It can be 

presumed that the endothelin-based constriction seen in these small vessels must be 

mediated through the ET-A receptors with other receptors controlling large vessel 

constriction118. Consistent with this, it is proposed that coronary vasoconstriction 

mediated by Et-1 is due to activation of the ET-A receptors with no involvement of 

the ET-B receptors119. 

 

A.3.2.2 HUMORAL INFLUENCES 

There are many humoral mediators, including autacoidal and hormonal, which 

interact to regulate blood flow in the vasculature. The table below summarises those 

humoral influences are not directly relevant to this current thesis (Table 2): 

a1172507
Text Box
                           NOTE:     This figure is included on page 17  of the print copy of the thesis held in    the University of Adelaide Library.
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Mediator 
 

Receptor 

 

Site 

 

Action 

 

Histamine 

 

H1 

 

H2 

 

Blood vessels 
 

High doses � Vasoconstriction120 

Low doses � Vasodilation120 

Vasodilation121 

 

Serotonin 

 

5HT1B 

5HT2A 

5HT2B 

5HT7 

 

Coronary ECs 

VSM& Platelets 

VSM 

Blood vessels, 

Brain & GI 

 

Vasoconstriction122, 123 

Vasoconstriction124, 125 

Vasoconstriction126, 127 

Vasodilation128 

 

Vasopressin 

 

1A 

 

VSM, Platelets, 

Hepatocytes, 

Brain Cells & 

Uterine Cells 

 

Large Vessel Dilation and 

Microvascular Constriction129 

 

Atrial 

Natriuretic 

Peptide 

 

ANPA  & 

ANPB 

 

Atrial myocytes 

 

Vasodilation130, 131 

 

 

Angiotensin II 

 

AT1 

 

VSM, Brain, 

Lungs & 

Adrenals 

 

Vasoconstriction132 133 

 

Table 2: Humoral mediators involved in the regulation of 
blood flow in the vasculature. VSM – vascular smooth muscle, 
ECs – endothelial cells, GI – gastrointestinal tract.  
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There are two important humoral influences that are involved with the regulation of 

blood flow – catecholamines  and bradykinin. Furthermore, they are directly relevant 

to this study. 

 

A.3.2.2.1 Catecholamines 

 There are two primary resources from which circulating catecholamines arise, the 

adrenal medulla and the sympathetic nerve terminals. The effects of catecholamines 

are mediated via �- and �- receptors. In particular those catecholamines produced by 

the adrenal medulla are important during exercise with the �-receptors being of 

importance134. Specifically, blood flow in intact and sympathectomised regions in the 

presence and absence of �- and �-adrenergic antagonists was measured. During 

exercise, in both the intact and sympathectomised regions, coronary resistance 

significantly rose during combined �- and �-block compared to �-block alone134. 

 

One synthetic catecholamine is the �1 agonist, phenylephrine (PE). Specifically, PE 

activates the � receptor which stimulates the Gq11 pathway. This pathway initiates a 

cascade in which phosphatidylinositol biphosphate  (PIP2) is cleaved to form of IP3 

and diacyl glycerol (DAG)135. IP3 liberates Ca++ from the sarcoplasmic reticulum 

(SR)136 which is then able to activate myosin light chain kinase (MLCK) 

phosphorylation137 and contraction via the binding of Ca++ to calmodulin (CaM). 

DAG activates PKC which acts to inhibit CPI-17 and therefore inhibits the relaxing 

effect of myosin phosphatase138, also known as myosin light chain phosphatase 

(MLCP), thus favouring contraction. Furthermore, PE sensitises the contractile 
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proteins for Ca++139. All of these processes work together resulting in vessel 

contraction (Figure 5). 

 

Figure 5: Diagrammatic representation of VSMC contraction 
through the binding of PE to the Gq11 receptor. PE binds to the 
Gq11 receptor which activates phospholipase C (PLC) and 
subsequently activates PIP2. PIP2 cleaves to form IP3 and DAG. IP3 
releases Ca++ from the SR which binds to calmodulin and activates 
Ca++-CaM-MLCK resulting in contraction. DAG activates PKC 
which in turn phosphorylates CPI-17. MLCP is inhibited and this 
favours contraction. Adapted from the work of Kemp et al. 1961135, 
Iino 1999136, Ward and Kam 2004137 and Kitazawa et al. 
2000138. 

 

A.3.2.2.2 Bradykinin 

 Bradykinin (BK) is synthesised from the plasma �-globulin, kininogen, by the 

plasma enzyme kallikrein through the kallikrein-kinin cascade140. BK has many 

actions involving vasodilation141-143, increased vascular permeability144-146 and 

activation of phospholipase A2
147. BK elicits its effects by binding to, and activating, 

the G-coupled B1 and B2 receptors. Of these B2 appears to be the mediator of the 

majority of BK’s vascular activities142, 143, 148-150.  
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B1 receptor 

The B1 receptor is typically expressed as a result of tissue injury151, 152 and upon 

activation mediates chronic pain153, 154 and inflammation151, 155, 156. More recently the 

B1 receptor has also been shown to mediate neutrophil recruitment157, 158. 

 

B2 receptor 

The B2 receptor mediates most of BK’s vascular actions and in particular its role in 

vasodilation. The vasodilating effect of BK is modulated by an endothelium-

dependent mechanism148 possibly the release of NO142, 143, 149 and/or the release of 

EDHF150.  

 

In the canine coronary circulation BK increased coronary blood flow, particularly in 

the subendocardial layers. B2 receptor antagonists and NOS inhibitors suppress this 

response142. In isolated porcine coronary arteries BK-induced endothelium-dependent 

vasodilation occurs via both NO dependent and independent mechanisms143. In 

human coronary arteries BK endothelium-dependent vasodilation is mediated by 

both NO140 and EDHF mechanisms150. 

 

Assessing Endothelial Function 

BK is a useful tool for assessing the endothelial function of vessels. When there is a 

functional and intact endothelium present the administration of BK will result in 

vessel relaxation or dilation159. The BK precursor, high molecular weight kininogen, 

binds to endothelial cells thus converting prekallikrein into kallikrein140, 160, 

subsequently releasing BK from the endothelial cells160, 161 (Figure 6).  
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Figure 6: Diagrammatic representation of the production of 
BK. High Molecular Weight Kininogen binds to the endothelial 
cell which converts prekallikrein to kallikrein thus releasing BK. 
BK then diffuses out of the endothelial cells. 

 

A.3.2.3 NEUROGENIC INFLUENCES 

The autonomic nervous system is comprised of the sympathetic and parasympathetic 

nervous systems. Parasympathetic innervation originates in the medulla oblongata 

before passing through both the right and left vagal nerves. Sympathetic innervation 

originates in the medullary vasomotor center before passing through the spinal cord 

to its exit at the thoracic ganglia.   

 

A.3.2.3.1 Cholinergic Innervation 

 Acetylcholine (ACh) mediates most cholinergic responses operating via 5 types of 

muscarinic receptor types, M1 – M5
162-164. M1, M3 and M5 mediate the activation of 

PLC but do not inhibit adenylyl cyclase while the M2 and M4 receptors have the 

opposite effect mediating the inhibition of adenylyl cyclase without stimulating 

PLC165, 166. However, when expressed at high levels, within certain cell types, the M2 

and M4 receptors are able to weakly couple to PLC167. In VSM the vasodilation in 
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response to muscarinic receptor activation appears to be mainly mediated via the M3 

receptor while the M1 receptor mediates constriction168. Furthermore, while the 

endothelium is intact the expression of M1 receptors is downregulated168. 

  

A.3.2.3.2  Adrenergic Innervation 

 While cholinergic innervation highlights parasympathetic cardiovascular effects, 

adrenergic innervation produces the equally well-recognized sympathetic effects. 

Adrenergic nerves release noradrenaline from their nerve terminals which binds to 

G-proteins that are coupled to the �-adrenoceptor and the �-adrenoceptor:  

(a) The �-adrenoceptors can be subdivided into �1- and �2-adrenoceptors. 

Activation of either of the �-adrenoceptors (i.e. �1 and �2) will induce 

contraction of the VSM resulting in vasoconstriction. However, the ratio for 

�1 and �2 adrenoceptors varies between large and small vessels. 

Specifically the �1-adrenoceptor plays a greater role in large arteries 

whereas the �2-adrenoceptor primarily exerts its effect in the smaller 

arteries and veins169, 170. The �1-adrenoceptors are further subdivided into 

�1A and �1B. While �1A is primarily involved in the regulation of basal 

vascular tone, �1B is involved with responses to exogenous agonists171. 

Likewise the �2-adrenoceptors are further subdivided into �2A/D, �2B and 

�2C. �2A/D and �2B are involved with arterial contraction and �2C with venous 

contraction171. 

(b) �-adrenoceptors can be subclassified into �1, �2 and �3 adrenoceptors, all of 

which lead to vasodilation172-174. These �-adrenoceptors are found in both 

small and large coronary arteries. In the large canine arteries �1-
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adrenoceptors effect a dilatory response174, whereas the �2-adrenoceptors 

are the main activators in the small resistance vessels175. Furthermore, the 

�1-adrenoceptors of the heart increase heart rate which will also influences 

blood flow176. 

 

Table 3: Adrenergic adrenoceptors expressed in the 
vasculature. Modified from Watts et al. 2008177. 

 

Interestingly, in many vascular beds, sympathetic activation will result in two 

conditions: firstly, �1-adrenoceptor dependent vasoconstriction in vessels larger than 

100μm in diameter; and secondly, �-adrenoceptor dependent vasodilation of the 

small arterioles178. 

 

A.3.2.3.3 Noncholinergic-Nonadrenergic Innervation  

 These cholinergic and adrenergic fibres are not the only ones responsible for 

controlling blood flow. Neurotransmitters such as dopamine, serotonin, ATP and a 

variety of other peptides, which are released from alternative noncholinergic-

nonadrenergic fibres located within the cardiac nerves, are also involved. 
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As with several of the humoral mediators, these neurogenic mediators are not 

directly relevant to the current study and therefore are summarised in the table below 

(Table 4). 

 

Mediator 
 

Receptor 
 

Site 
 

Action 

 

Dopamine 
 

D1 & 

D2 

 

 

 

Smooth muscle 
 

Suppressing an increasing 

myocardial demand179, 

Stimulating dopamine receptors180, 

Releasing NA to interact with the 

�- and �-adrenoceptors181 

 

Adenosine 

Triphosphate 

 

P1: A1 

P1:A2 

P2: P2X 

P2: P2Y 

 

Symp. Nerves 

VSM 

VSM 

Endothelial Cells 

 

Inhibit NA release182 

Vasodilation183 

Vasoconstriction184 

Vasodilation185 

 

Neuropeptide Y 

 

Y1 – Y5 

 

Cardiac nerves & 

Coronary vessels 

 

Microvascular constriction186-188 

 

Substance P 

 

NK-1 or 

SPR 

 

Coronary vessels 

 

Vasodilation189, 190 

 

Calcitonin Gene 

Related Peptide 

 

CLR 

 

Nervous tissue 

 

Microvascular dilation191, 192 and 

Cardiovascular protection193, 194, 193 

  
Table 4: Neurogenic mediators involved in the regulation of 
blood flow in the vasculature. NA – noradrenaline, Symp. – 
sympathetic, VSM – vascular smooth muscle. 
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A.4 VASCULAR CELL BIOLOGY 

A.4.1 The Actin-Myosin Contractile Apparatus 

In VSMCs actin is the major component of the thin filaments which, together with 

myosin (which forms the thick filaments), are arranged into actomyosin myofibrils; 

these form the mechanism of contraction. The actin-myosin contractile apparatus is 

solely responsible for contraction and relaxation through the following signalling 

cascade195, 196: 

(1) Intracellular Ca++ concentration increases either through Ca++ entry 

following activation of the voltage-operated channels or Ca++ release 

from the SR. 

(2) In the pathway of release from the SR, the activated receptor interacts 

with a G-protein which in turn activates PLC. Activated PLC ultimately 

produces IP3 which binds to its receptor on the surface of the SR. The 

result is a further Ca++ release from the SR. 

(3) This Ca++ combines with the protein calmodulin (CaM). 

(4) This Ca++-CaM complex activates MLCK. 

(5) MLCK then phosphorylates the protein myosin light chain (MLC) which 

is bound to myosin.  

(6) The phosphorylated myosin filaments combine with actin filaments and 

the muscle contracts. 
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A.4.2 Regulation of Myosin Light Chain Phosphorylation 

The phosphorylation of myosin is the major regulatory mechanism in VSM 

contractile responses. The level of myosin phosphorylation is directly regulated by 

the ratio of MLCK and MLCP. 

 

A.4.2.1 MYOSIN LIGHT CHAIN KINASE AND ITS REGULATION IN THE 

CONTEXT OF VASCULAR CONTRACTION  

In smooth muscle MLCK is required to generate muscle contraction197, 198. In VSMCs 

Ca++ entry activates Ca++-CaM-dependent MLCK. In it’s active form MLCK is able 

to phosphorylate the MLC which then enables actin-myosin cross-bridge cycling and 

subsequent contraction197, 199. It is the phosphorylation status of MLC by MLCK 

which controls the rate of actin-myosin cross-bridge cycling. 

 

MLCK has been reported in modest amounts on endothelial cells200 enabling a 

counter-balancing role with MLCK-activated Ca++ entry into endothelial cells 

releasing both NO and EDRF. Consequently this results in vasodilation. It has been 

suggested that MLCK results in vasoconstriction by having a direct effect on smooth 

muscle cells while its vasodilatory role is through its impact on the endothelial 

cells201. Unlike the smooth muscle contractile apparatus MLCK, the endothelial cell 

MLCK mediates the release of NO and EDRF. 

 

Cytosolic Calcium 

Cytosolic Ca++ is fundamental in the regulation of vasomotor responses. For 

contraction an increase in cytoplasmic Ca++ is required, which is provided for by a 
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flux of Ca++ into the cell. There are two different sources for this activator Ca++, these 

being the extracellular space and the SR: 

(1) Extracellular Space 

 There is an abundant supply of Ca++ which may come from the 

extracellular space. This supply is regulated by the kinetics of the 

transmembrane Ca++ channels either by membrane depolarisation and/or 

messenger molecules. They may originate from the cell’s exterior or 

alternatively from cytoplasmic second messengers202. 

(2) Sarcoplasmic Reticulum (SR) 

 There are two different ways in which Ca++ release from the SR may 

occur. The first of these is through Ca++-induced Ca++-release through the 

Ryanodine receptors (RyR)203, or secondly via IP3-induced Ca++ release136 

initiated by PLC (Figure 7). 

 

Figure 7: Ca++ release from the SR. There are two ways in which 
Ca++ may be released from the SR; either the PLC-IP3 pathway or 
the RyRs. 

 

Calmodulin 

CaM is a Ca++-binding protein important in transducing Ca++ signals and regulating 

contraction through its interaction with MLCK204-206. The primary role of CaM is to 
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bind Ca++ to initiate VSMC contraction. CaM has four Ca++ binding sites (see Figure 

8) and when three or more sites are bound there is a significant conformational 

change207 enabling CaM to wrap around the target protein. Once Ca++ and CaM are 

bound together this complex interacts with MLCK, phosphorylating MLC. Actin-

myosin interaction is initiated and subsequently smooth muscle contraction occurs. 

 

Figure 8: Three-dimensional image of CaM demonstrating the 
positioning of the four Ca++ binding sites (green circles). 
Modified from Clapperton et al. 2002208. 

  

A.4.2.2 MYOSIN LIGHT CHAIN PHOSPHATASE AND ITS REGULATION 

IN THE CONTEXT OF VASCULAR CONTRACTION 

The other component involved with the regulation of MLC phosphorylation is 

MLCP. In particular the sensitivity of MLC to Ca++ is modulated, thus regulating the 

level of smooth muscle cell contraction; this is referred to as Ca++ sensitisation. The 

mechanism behind this modulation of Ca++ sensitisation is the inhibition of smooth 

muscle MLCP. Three important pathways involved in the inhibition of MLCP are 

protein kinase C (PKC)209-211, CPI-17212, 213 and Rho-kinase209, 214, 215. 
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Protein Kinase C 

PKC is a widely distributed protein serine-threonine kinase within the smooth 

muscle, which has been implicated as a key player in smooth muscle cell 

contraction210, 216 through a number of pathways. The three main pathways through 

which PKC mediates VSM contraction are as follows: 

(1) Enhanced Ca++ influx through activation of the L-type Ca++ channels 

activating MLCK phosphorylation137. 

(2) Through the release of arachidonic acid which may interact directly with 

MLCP or alternatively activates a kinase known to phosphorylate, and 

accordingly, inhibit MLCP217.  

(3) Through the phosphorylation and therefore activation of CPI-17, an 

inhibitory modulator of MLCP137. 

 

Often, the activation of PKC requires translocation from the cytosol to the 

membrane, particularly in VSMCs218-220. It has been proposed that to become active a 

pseudosubstrate binds to the protein substrate binding site of PKC. Binding of DAG 

or other lipid activators then produces a conformational change, which dislodges the 

pseudosubstrate and leaves the kinase active221. Once in its active form PKC is able 

to act on CPI-17. 

 

CPI-17 

CPI-17 is a smooth muscle phosphoprotein which potently inhibits MLCP212, 222, an 

important regulator of smooth muscle contraction138. PKC phosphorylates CPI-17 

and it is this phosphorylated form of CPI-17 that inhibits MLCP138 (see Figure 9). 



Section A: Introduction 

 

 

31 

 

Figure 9: Diagrammatic representation of VSMC contraction 
through the PKC/CPI-17 pathways. An agonist (e.g. Et-1) binds to the 
Gq11 receptor which activates PLC and in turn activates PIP2. PIP2 then 
cleaves to form IP3 and DAG. IP3 releases Ca++ from the SR which binds 
to calmodulin and activates Ca++-CaM-MLCK resulting in contraction. 
DAG activates PKC which in turn phosphorylates CPI-17. MLCP is 
inhibited and this action favours contraction. Adapted from the work of 
Kemp et al. 1961135, Iino 1999136, Ward and Kam 2004137 and Kitazawa et 
al. 2000138. 

 

The expression of CPI-17 is seen to vary greatly depending on the type of muscle 

and the animal species (for example it is noticeably absent from chicken223). VSMs 

are seen to have more CPI-17 than visceral smooth muscles210, microvessels also 

appear to have a greater abundance of CPI-17210. Additionally, there is a difference 

between tonic and phasic muscles with the tonic femoral artery having 8 times more 

CPI-17 than the phasic vans deferens210.  

 

Rho-kinase 

Rho-kinase (ROK) acts as a secondary regulatory unit in modulating smooth muscle 

cell contractility via the inhibition of MLCP215, 224, 225. Specifically, agonist activation 
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of the Gq13 receptor activates ROK resulting in the phosphorylation of MLCP at the 

Threonine 855 site with this phosphorylation favouring smooth muscle contraction225, 

226. The direct link between ROK and the contractile apparatus occurs through its 

translocation to the cell membrane227  (Figure 10). 

 
  

Figure 10: Diagrammatic representation of VSMC contraction 
through the ROK pathway. An agonist (e.g. Et-1) binds to the 
Gq13 receptor initiating a cascade of reactions from the activation 
of guanidine exchange factor (GEF) to the subsequent activation of 
ROK. Once active ROK phosphorylates the threonine 855 site of 
MYPT thus resulting in inhibition of MLCP, favouring contraction. 
Adapted from the work of Wang et al. 2009215, 224, 225, Wilson et 
al. 2005225, 226 and Leung et al. 1995227. 

 

ROK has also been shown to phosphorylate CPI-17228, 229, providing a further 

inhibition of MLCP enhancing contraction. Specifically, this ROK-mediated 

phosphorylation of CPI-17 is seen to occur during the late phase of contraction and is 
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much slower than agonist induced phosphorylation (for example, by PE)230. 

 

Figure 11: Diagrammatic illustration of the pathways leading to 
MLCP inhibition, and consequently contraction, including the 
interaction between RhoA and CPI-17 phosphorylation. Adapted 
from Hirano 2007231. 

 

A.5 REGULATION OF CYTOSOLIC CALCIUM 

In VSM the regulation of cytosolic Ca++ is essential because high levels are toxic for 

the cell. The cytosolic Ca++ concentration in smooth muscle is around 100nM, much 

lower than the extracellular concentration of approximately 1.5mM. Ca++ channels 

play an important role in regulating and maintaining this critical cytosolic Ca++ 

concentration. 
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A.5.1 Voltage-Operated Calcium Channels 

The voltage-operated Ca++ channels (VOCCs), sometimes referred to as voltage-

gated calcium channels, allow for an influx of Ca++ into the cell upon channel 

activation. Specifically, depolarisation of the cell membrane potential increases the 

open possibility of VOCCs232-235. Through their regulation of Ca++ entry VOCCs play 

an important role in regulating vascular tone236, 237. Myogenic responses are 

classically accompanied by a membrane depolarisation and an increase in 

intracellular Ca++ concentration, which is achieved by an influx of extracellular Ca++ 

through these VOCCs238. 

 

A.5.1.1 VOLTAGE-OPERATED CALCIUM CHANNEL SUBUNIT 

COMPOSITION AND FUNCTION 

VOCCs are a plasma membrane spanning protein comprised of five separate 

subunits, �1, �2, �, � and 	 (Figure 12).  

 

Figure 12: Molecular architecture of the VOCC depicting the �1 pore 
forming, �2/	 , �  and �  subunits and their specific structure. Modified 
from Hoffman et al. 2004239. 

 

a1172507
Text Box
                           NOTE:     This figure is included on page 34  of the print copy of the thesis held in    the University of Adelaide Library.
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Of these subunits only the �1 subunit acts as the Ca++ channel240 as it contains the 

“voltage-sensing machinery”. The auxiliary subunits �2, �, � and 	 are responsible 

for regulating channel gating241, 242, 243, 244, 245, 246. 

 

The �2 and 	 subunits (�2	) are linked together by a disulfide bond with the 	 subunit 

anchoring the protein in the plasma membrane242 while the �2 part provides the 

structural elements required for channel activation243. The 	 subunit also contains the 

regions important in controlling the shift in voltage-dependent activation and steady 

state inactivation along with the inactivation kinetics247. The �2	 subunit also has a 

role in increasing the density of Ca++ channels activated by high voltage at the 

plasma membrane244.  

 

The � subunit has many roles within the Ca++ channel. It regulates current density by 

controlling the amount of �1 expressed at the cell membrane, regulates activation and 

inactivation kinetics, and hyperpolarises the voltage-dependent activation of the �1 

pore allowing for smaller depolarisations245, 246. There are four different isoforms on 

the � subunit, �1 - �4, which interact with the �1 subunit producing these effects242. 

 

Finally the � subunit is primarily associated with skeletal muscle VOCCs248. Various 

subunits of the � subunit, however, have been noted in the brain, liver, kidney, heart 

and lung249, 250. The � subunit is yet to be described in VSM. The � subunits are 

believed to have a modest influence on Ca++ current properties251 with its primary 

role in interactions with other membrane proteins242.  
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A.5.1.2 VOLTAGE-OPERATED CALCIUM CHANNEL SUBGROUPS 

VOCCS can be classified into two subgroups on the basis of their biophysical and 

pharmacological properties. On the basis of their activation voltage the Ca++ channels 

are divided into two groups, the high voltage-activated (HVA) channels and the low 

voltage-activated (LVA) channels (Figure 13): 

(1) High Voltage-Activated Channels 

 The HVA channels are defined by their requirement of a large 

depolarisation from about -80mV to -30mV to induce Ca++ channel 

opening, a large conductance (23 to 25pS) and rapid inactivation242, 252, 253. 

These HVA channels have been further classified into L-, N-, P/Q- and 

R- subtypes. While these subtypes differ in their voltage dependence of 

activation, inactivation and deactivation254, they are primarily classified 

on the basis of pharmacological sensitivity.  

(2) Low Voltage-Activated Channels 

 The LVA channels, however, are activated by a depolarisation of 
-

60mV, are characterised by the lowest single channel conductance of all 

the VOCCs (3.5 to 7pS) and inactivate slowly255-257. The only 

characterised LVA channel to date is the T-channel subtype255, 258, 259.  

 

When first discovered the �1 subunits were named according to the well accepted 

nomenclature of the time, specifically �1S for the original skeletal muscle isoform 

and �1A-I for those discovered subsequently260, 261. However, in 2000 the Cav 

classification was adopted in line with the well-defined K+ channel nomenclature261. 
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Figure 13: Division of the VOCCs into the HVA and LVA subgroups, 
the Cav1, Cav2 and Cav3 families and their individual L-, P/Q-, N-, R and 
T-type. Modified from Perez-Reyes, 2003255. 

 

A.5.1.2.1 L-type Calcium Channels 

The L-type Ca++ channels belong to the class of HVA channels which activate and 

inactivate at more positive membrane potentials, inactivate slowly and have long-

lasting effects242, 252, 253. These L-channels are well characterised and play an essential 

role in excitation-contraction coupling in VSM, skeletal muscle and cardiac 

muscle262-266. Originally, the L-channels were classified as �1C, �1D, �1F and �1S, 

however with the new nomenclature system being adopted in 2000 the L-channels 
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are now classified as Cav1 and further subdivided into four groups, Cav1.1-1.4267. 

These subdivisions largely depend on their tissue distribution. 

 

Cav1.1  

Cav1.1 (formerly �1S) is located primarily in skeletal muscle and linked to RyRs on 

the SR268. Cav1.1 primarily acts as a voltage-sensor releasing intracellular Ca++ 

following depolarisation. The link between this depolarisation and the channel 

opening, however, is very inefficient as the Cav1.1 open with slow kinetics269. 

 

Cav1.2 

The Cav1.2 group (formerly �1C) is expressed in vascular smooth muscle270, 271, 

ventricular cardiac muscle270, 272, pancreatic cells273, fibroblasts274 and neurons275. 

These Cav1.2 channels are primarily Ca++ ion channels and play an important role in 

initiating smooth and cardiac muscle contraction263, 276. 

 

Cav1.3 

Cav1.3 channels (formerly �1D) have been identified in neurons277, pancreatic beta 

cells278, neuroendocrine cells279, photoreceptors280, amacrine cells281 and inner ear hair 

cells282. In the heart Cav1.3 is found in atrial tissue where it contributes to the pace-

making activity of the heart283, 284. 

 

Cav1.4 

Finally, Cav1.4 (formerly �1F) have been identified primarily in the retina285 and 

dorsal root ganglia286. The Cav1.4 group has no direct vascular effects.  
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Further analysis of these L-channels has shown that they are in fact a functionally 

heterogeneous family267: 

(1) Firstly, not all of the L-channels require a strong depolarisation for 

activation. Specifically, the Cav1.3287, 288 and Cav1.4289 channels have a 

relatively low activation threshold compared to Cav1.2 and Cav1.1 

channels . 

(2) While L-type channels are generally described as being sensitive to 

dihydropyridines, their sensitivities differ with the Cav1.3287, 288 and 

Cav1.4290 subtypes less sensitive. 

(3) Their activation kinetics also vary with Cav1.2291 and Cav1.3287 activating 

faster while Cav1.4289 opens at a relatively slow rate. 

(4) Finally, only Cav1.4 shows Ca++-independent inactivation290.  

 

A.5.1.2.2 T-type Calcium Channels 

In contrast to the L-channels the T-type Ca++ channels belong to the class of LVA 

channels meaning they activate and inactivate at more negative membrane potentials, 

are more transient255-257. Furthermore, they are highly sensitive to agents such as 

mibefradil and efonidipine, known T-channel blockers292-296.  

 

Efonidipine292, 294 and mibefradil297 inhibit T-channel currents significantly more than 

the L-channel currents in isolated VSM preparations. Other investigators have also 

suggested that T-channel blockade with mibefradil may be more effective in the 

microvasculature. Kung et al. demonstrated that mibefradil dilates endothelin-

contracted porcine small coronary vessels more effectively than large coronary 
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arteries298 while VanBavel et al. showed that mibefradil is more potent than 

verapamil in inhibiting myogenic tone in rat cremasteric muscle arterioles299. 

 

As with the L-channels, the T-channels also are encoded for by a family of related 

genes, Cav3.1, Cav3.2 and Cav3.3255. 

 

Cav3.1 

The Cav3.1 channel (formerly �1G) is primarily expressed in the vascular smooth 

muscle300, 301, brain257, 302, 303 and heart304, 305 with low levels also detected in the 

kidney306. Although the exact role of Cav3.1 is yet to be fully elucidated it is believed 

to be involved with vascular contraction307, pace-making activity of the heart308, 309, 

neuronal firing310, 311, aldosterone secretion312 and/or fertilization313.  

 

Cav3.2 

The mRNA for Cav3.2 (formerly �1H) is predominantly expressed in the kidney256, 314. 

In addition Cav3.2 is also found in the heart304, 314, 315, brain302, 316, liver314, smooth 

muscle301, 306 and the adrenal cortex317. Cav3.2 has several roles throughout the body 

including that of smooth muscle contraction318, proliferation319, aldosterone 

secretion320 and cortisol secretion321.  

 

Cav3.3 

The Cav3.3 (formerly �1I) subunit differs from the other two T-channel subunits in 

that while they have a varying distribution among a number of different tissue types, 

Cav3.3 is largely expressed in the brain with little found elsewhere322-325. Due to their 
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almost exclusive expression in the brain the Cav3.3 subunit is involved with thalamic 

oscillations255. An interesting feature of the Cav3.3 subunit is that it deactivates at a 

much slower rate than Cav3.1 and Cav3.2, enabling them to produce long-lasting 

bursts of firing326. 

 

A.5.1.2.3 P/Q-, N- and R-type Channels 

Apart from the L- and T-channels there are four other Ca++ channels with functional 

and structural physiological importance. These include the P/Q-, N- and R- types, all 

of which are not thought to be in VSMCs327.  

 

P/Q-type Channels 

The P/Q-type Ca++ channels, also known as the Cav2.1 channels (formerly �1A), are 

so called that because they were first located in Purkinjie cells. However, since their 

discovery they have also been noted in neurons328-330, cardiac neurons331, pancreas332, 

333 and pituitary334. These channels are involved with neurotransmitter release335, 336 

and excitation-secretion coupling in pancreatic � cells333. 

 

N-type Channels 

The N-type Ca++ channels, also known as Cav2.2 (formerly �1B), are so called 

because they are predominantly expressed in neurons337-339. The N-type channels have 

a few different physiological functions including a role in neurotransmitter release338, 

pain transmission340 and sympathetic regulation of the circulatory system337. 
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R-type Channel 

The last type of Ca++ channel is the R-type, also known as the Cav2.3 (formerly �1E). 

As with Cav2.1 and 2.2 these channel subtypes are expressed in neurons341, 342, as well 

as the heart343, 344 and pituitary345. Due to their distribution within these tissue types, 

the Cav2.3 channels have been implicated in neurotransmitter release342, 346, repetitive 

firing342, long-term potentiation347 and neurosecretion348, 349. 

 

A.5.1.3 VOLTAGE-OPERATED CALCIUM CHANNEL ANTAGONISTS 

This thesis focuses primarily on L-type Ca++ channel blockers and the combined L- 

and T-type Ca++ channel blockers and as such only these will be described in this 

section. 

 

CCBs are categorised according to: (1) chemical structure, (2) specificity of slow 

current inhibition, (3) tissue selectivity, (4) receptor specificity, or (5) clinical 

properties (dihydropyridines and non-dihydropyridines). The conventional CCBs 

include the phenylalkylamines, benzothiazepines and dihydropyridines which bind to 

separate sites on the L-type (or long-lasting, high voltage-activated) Ca++ channel. Of 

specific relevance to this thesis are verapamil (phenylalkamine) and nifedipine 

(dihydropyridine). There are, however, CCBs which block not only the L-channel 

but also the T-channel. Two specific drugs belonging to this category are efonidipine 

(dihydropyridine) and mibefradil (a tetralol derivative) (Figure 14). 
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Figure 14: The chemical structure of the CCBs verapamil, 
nifedipine, efonidipine and mibefradil. Adapted from Triggle, 
1998350 and Tanaka and Shigenobu, 2002294. 

 

Verapamil 

Verapamil blocks the Ca++ L-channel and is of the phenylalkamine class of CCBs. 

The phenylalkamines differ from the other CCBs with their � binding site, located 

intracellulary at the S6 domain of segment IV (IVS6)350. Interestingly, the specific 



Section A: Introduction 

 

 

44 

location of the verapamil binding site corresponds to the local anaesthetic binding 

region of the sodium channel, and verapamil is a potent local anesthetic350, 351. 

 

Verapamil’s primary application is to block the VOCCs for the management of 

cardiovascular conditions. Vascular constriction is dependent on Ca++ entry through 

the VOCCs located on the VSM of blood vessels237. Therefore, blocking these 

VOCCs will decrease the amount of Ca++ entering the VSMCs thereby promoting 

vasodilation. This vasodilatory effect is of therapeutic benefit in the treatment of 

hypertension352, 353, angina354, 355 and primary pulmonary hypertension356, 357. Another 

cardiovascular condition in which verapamil is therapeutically beneficial in is 

treatment of cardiac arrhythmia, specifically atrial fibrillation358, 359. Ca++ channels are 

highly concentrated throughout the sinoatrial and atrioventricular nodes. As such 

verapamil can decrease the conduction of impulses through the atrioventricular node, 

protecting the ventricles from atrial tachycardia358, 359. 

 

In addition to its Ca++ channel blocking effects, verapamil has many other “off 

target” effects including: 

(1) �1 Antagonist 

Verapamil inhibits adrenalin-induced platelet aggregation at the level of 

the �1-adrenergic receptor360, 361. 

(2) Inhibitor of Drug Efflux Pump Protein P-glycoprotein 

Many tumour cells over-express these drug efflux pumps, which limits 

the effectiveness of cytotoxic drugs. Specifically, P-glycoprotein 

removes the drugs from the cells before they can have their cytotoxic 
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effects. However, there is evidence that verapamil inhibits these pumps, 

thus increasing the effectiveness of treatment362. 

(3) Verapamil/Chloroquine Treatment of Malaria 

The resistance to chloroquine, which is used to treat malaria, is 

characterised by the parasitic cells’ ability to expel the drug from its 

digestive vacuole. Treatment with a combination of verapamil and 

chloroquine accumulates chloroquine within the digestive vacuole. This 

makes the parasite more susceptible to death363. 

 

Nifedipine 

Nifedipine differs from verapamil in that it belongs to the dihydropyridine class of 

CCBs with its binding site, IIIS6 and IVS6, located extracellularly350, 364. 

 

The binding of nifedipine to the VOCCs on the VSM membrane inhibits the entry of 

Ca++. This reduction in Ca++ influx by nifedipine causes arterial vasodilation and 

decreased peripheral vascular resistance. The result is reduced arterial blood 

pressure. Due to these effects the main uses of nifedipine are in the treatment of 

angina (particularly Prinzemetal’s angina, or variant angina)365, 366, hypertension367, 368 

and Raynaud’s phenomenon369. Nifedipine does have some side effects, resulting 

from reflex sympathetic nervous system activation, including flushing, tachycardia, 

worsening myocardial ischaemia and cerebrovascular ischaemia. The use of long 

acting formulations, however, has reduced these effects370, 371. 
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Nifedipine is also used in the treatment of other conditions which are unrelated to its 

CCB effects, including: 

(1) Tocolytic 

Nifedipine has frequently been used to delay premature labour. 

Furthermore, it is also seen to have fewer negative side effects than other 

agents used in this manner372. 

(2) High altitude pulmonary oedema 

Nifedipine is also used as a high altitude medicine in the treatment of 

high altitude pulmonary oedema373, 374. 

 

Mibefradil 

Mibefradil is described as being non-selective because it binds to the 

phenylalkylamine and benzothiazepine L-channel binding sites. Yet, it does not bind 

to the dihydropyridine site. Mibefradil is in its own class - benzimidazole. One 

significant feature of mibefradil is that it has been shown to block not only the Ca++ 

L-channel but also the Ca++ T-channel297, 375. Binding studies have demonstrated that 

mibefradil has a 10 – 15 times higher affinity for the T-channel than the L-channel376. 

Furthermore, T-channels are completely blocked at concentrations of 1-10μM 

mibefradil which blocks only 25 – 70% of L-channels297. 

 

Due to its unique pharmacological profile mibefradil has an important therapeutic 

benefit in the treatment of hypertension377, 378 and angina377, 379, 380. One condition in 

which mibefradil is seen to be especially efficacious is the small vessel disorder, the 

Coronary Slow Flow Phenomenon (CSFP). With CSFP patients L-channel blockers 
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are ineffective while the T-channel blocker mibefradil is beneficial381. One additional 

benefit of mibefradil treatment of hypertension and angina is the absence of leg 

oedema, which has been seen to develop following treatment with the 

dihydropyridine CCBs377, 382. 

 

Mibefradil also plays an interesting role in the prevention of neointima formation; a 

neointima forms in response to vascular injury. By preventing smooth muscle 

proliferation mibefradil is able to prevent the formation of a neointima319. There is 

however some conjecture regarding whether this effect is actually mediated by the 

CCB effect of mibefradil319.  

 

Studies with the carotid, femoral and basilar arteries of dogs and rat aorta have 

shown that the effects of mibefradil may be endothelium-dependent. Specifically, the 

response to mibefradil during contractions to PE and Et-1 were abolished in these 

large vessels with no endothelium383.  

 

One non-vascular condition in which mibefradil is effective (though the mechanism 

of action could be considered vascular) in the treatment of various types of cancer. 

Specifically, there is evidence that mibefradil inhibits cell proliferation in various 

cancers384-386.  

 

Efonidipine  

Efonidipine is another combined L- and T- Ca++ channel antagonist294. Like 

nifedipine, efonidipine works through the dihydropyridine receptor, however it 
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differs from most DHPs in having a phosphate moiety in the position of the DHP 

ring294 (see Figure 14 above). Originally developed as an antianginal and 

antihypertensive drug, efonidipine has a relatively slow onset and long duration of 

action387, 388. 

 

In vitro studies of efonidipine have demonstrated that like the phenylalkamines it has 

relatively strong negative chronotropic activity with only weak negative inotropic 

effects389. Similar to the dihydropyridines efonidipine has been shown to produce 

potent vasodilation389. The phosphate moiety at the C5 position of structure of 

efonidipine may explain its strong negative chronotropic action and its slow onset of 

vessel relaxation390. 

 

Efonidipine has a unique pharmacological profile characterised by its ability to block 

not only the Ca++ T-channel but also the Ca++ L-channel294. Specifically, the S(+)-

efonidipine isomer exerts blocking actions of both the L- and T-channel types with 

no effect on the N-, P/Q- and R-type Ca++ channels. In contrast the R(-)-efonidipine 

isomer selectively inhibits the Ca++ T-channel391.  

 

As mentioned previously, two cardiovascular conditions in which efonidipine is seen 

to work are hypertension392-395 and angina394, 396, 397. Furthermore, treatment of 

hypertensive, diabetic patients with efonidipine can lower their risk of developing 

other cardiovascular complications398. More recently the use of efonidipine in 

reducing proteinuria in renal patients399, 400 and improving renal function399, 401 has also 

been highlighted. 
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A.5.2 Receptor-Operated Calcium Channels 

Receptor-operated Ca++ channels (or ROCCs) comprise a range of structurally and 

functionally diverse channels that are Ca++ permeable and non-voltage gated. The 

term receptor-operated was put forward to define any plasmalemmal channel which 

opened in response to an agonist binding to the receptor independent of any change 

in membrane potential402, 403. Unlike the VOCCs which undergo a conformational 

change upon membrane depolarisation leading to channel opening, binding of an 

agonist to the receptor induces a conformational change which opens an ion-selective 

pathway intrinsic to that receptor404. 

 

ROCCs are activated by agonists (for example, PE) acting on a seven transmembrane 

domain receptor coupled to a heterotrimeric G-protein233, 405. This essential G-protein 

receptor role of activation and channel opening has been demonstrated in a variety of 

VSM preparations406, 407. While some details on the transduction pathway of ROCCs 

remains unclear, recent evidence has shown that ROCC current can be increased 

through a number of signalling pathways. These pathways include Ca++-CaM408, 

MLCK409, tyrosine kinase410 and PKC411, which has also been shown to inhibit ROCC 

activity412.  

 

Recently, the transient receptor potential cation (TRPC) channels have been shown 

to play an important role in modulating receptor-operated Ca++ entry into various cell 

types including VSM413, 414. TRPC channels belong to a ‘superfamily’ of hexahelical 

cation channels which are subdivided into TRPC 1, 2, 3, 4, 5, 6, and 7. It is the TRPC 

3, 6 and 7 subfamilies that are believed to form the store-independent ROCCs415. 
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Ultimately, ROCCs are involved in modulating cytosolic Ca++ levels, which regulate 

several cellular processes including smooth muscle cell contraction416, 417, cell 

proliferation418, apoptosis419, 420 and neurotransmitter release420, 421. 

 

A.5.3 Store-Operated Calcium Channels 

Store-operated calcium channels (SOCCs) are another Ca++ permeable channel, 

located on the plasma membrane of smooth muscle, which are not activated by 

membrane depolarisation. Instead a depletion of the internal stores of Ca++ activates a 

Ca++ influx mechanism, the SOCC405, 422. This was first documented by Casteels and 

Droogmans who noted that, following depletion of the internal Ca++ stores of VSM, 

there was an increase in uptake of Ca++ into the cell423.  

 

With SOCCs the mechanism of Ca++ entry is released from the SR due to activation 

of either the IP3 receptor or RyR424. In the SR of muscle cells there is a limited 

capacity for Ca++ storage. Thus SOCCs provide cells with the means to renew 

depleted intracellular Ca++ concentrations.  

 

As with ROCCs the TRPC proteins have also been implicated in the role of SOCCs. 

In particular TRPC1 is involved with store-operated Ca++ entry in VSMCs414, 425-427. It 

has also been suggested that TRPC5 is involved428. The single membrane-spanning 

protein termed STIM1 is another mediator of SOCCs acting as a Ca++ sensor within 

the stores429. Furthermore, STIM1 may interact with TRPC1 and is involved in with 

store-operated Ca++ entry430. Another protein involved with SOCCs is Orai1 which 

acts as a pore subunit of the store-operated Ca2+ release-activated Ca2+ channels431, 432. 
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A.5.4 Potassium Channels 

Potassium (K+) channels contribute to the regulation of membrane potential in 

VSMCs. Membrane hyperpolarisation occurs because there is an efflux of K+ ions 

following opening of the K+ channel in the VSM. This hyperpolarisation is followed 

by the closure of the VOCCs which decreases Ca++ entry into the cell consequently 

resulting in vasodilation433. Conversely, inhibition of the K+ channels will result in 

cell depolarisation, subsequent Ca++ channel activation and Ca++ entry leading to 

vasoconstriction. Within the vascular smooth muscle four different K+ channels have 

been identified. These are the voltage-dependent K+ channel (Kv), large-conductance 

Ca++-activated K+ channel (BKCa), the ATP-sensitive K+ channel (KATP) and the 

inward rectifier K+ channel (Kir). 

 

Voltage-Dependent K+ Channel 

Voltage-dependent K+ channel (Kv) expression has been identified in VSMCs434-437. 

Kv channels open to allow for an efflux of K+ in response to membrane 

depolarisation, resulting in a repolarisation event and subsequent return to resting 

membrane potential. Specifically, in the VSMCs depolarisation of the membrane 

results in an influx of Ca++ through the Ca++ channels232-235. The influx activates 

MLCK leading to contraction (see Section A.4.2.1). Ultimately the Kv channels 

function to limit membrane depolarisation and therefore maintain resting vascular 

tone433, 438-440. 

 

Large-Conductance Ca++-Activated K+ Channel 

The Large-Conductance Ca++-Activated K+ Channel, or the BKCa channel, also 
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features in VSM441-443. The BKCa channel is a voltage-sensitive channel with the open 

probability increased by membrane depolarisation444-446. Under normal conditions 

BKCa channels are not believed to contribute to resting membrane potential447, 448. 

They do, however, act as a negative feedback system during agonist and stretch-

induced vasoconstriction449. Any increase in pressure due to membrane 

depolarisation or intracellular Ca++ concentration (which result in the 

vasoconstriction) would activate the BKCa channels in an attempt to return the cell to 

resting membrane potential450. 

 

ATP-sensitive K+ channel (K(ATP)) 

The third K+ channel identified in VSM is the ATP-sensitive K+ channel (KATP) so 

named because they close in response to increasing levels of ATP451. Originally KATP 

channels were described in cardiac muscle452, 453, however they have now been found 

in a variety of tissue types including VSM433, 454, 455. The potential role of KATP 

channels and various pathophysiological responses have been noted, specifically 

coronary artery dilation in hypoxia456, reactive hyperemia457 and endotoxic shock-

induced hypotension458.  

 

Inward Rectifier K+ channel (Kir) 

The inward rectifier K+ channels, or Kirs, are primarily located within the resistance 

microvessels459-461 although they are also present in coronary462 and cerebral463 

arteries. To date, the exact function of the Kir channels is unknown. Two functions 

have, however, been hypothesised. The first of these is that the Kir is involved in 

regulating resting membrane potential, and therefore resting tone, in microvessels464, 
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465. The second proposed function is that Kirs may hyperpolarise the cell in response 

to moderate increases in extracellular K+ thus producing vasodilation. This is based 

on data which has shown that vasodilation cannot be prevented in the presence of 

inhibitors of other K+ channels466-468. 

 

A.5.5 Chloride Channels 

Chloride (Cl-) channels also play an important role in regulating vascular tone469. 

There are 3 gene families of Cl- channels which have been identified. These are the 

Ca++-activated Cl- channels (CACCs), the cystic fibrosis transmembrane conductance 

regulator (CFTR) and the ligand-gated GABA- and glycine-receptor channel. 

Concerning the regulation of membrane excitability the CACCs play a large role 

because they are located on VSM470, 471, cardiac cells472, 473, neurons474, 475, blood 

cells476, 477 and epithelial cells478.   

 

Cl- channels are activated by cytosolic Ca++ concentrations generally in the range of 

0.2-5μM479. In smooth muscle cells the activation of CaCCs occurs either by Ca++ 

entry through the VOCCs or by Ca++ release from intracellular stores480. Opening 

these CaCCs and the subsequent efflux of negative Cl- ions depolarises the plasma 

membrane. This depolarisation increases the open probability of the VOCCs, thus 

further enhancing Ca++ entry and consequently smooth muscle cell contraction470, 481. 
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A.6 VASCULAR PATHOPHYSIOLOGY 

A.6.1 Pathophysiology Triad 

When considering vascular pathophysiology it is important to recognise that there are 

three factors to be considered – atheroma, thrombosis and vascular reactivity. 

Together they form in integrated pathophysiological triad (Figure 15). While these 

factors can occur individually, there is also an element of overlap between each of 

the factors. 

 

Figure 15: The pathophysiology triad involving atheroma, 
thrombosis and vascular reactivity. 

 
 
Vasomotor Reactivity 

The endothelium plays a central role in regulating vasomotor tone through the 

release of vasodilating and vasoconstricting factors148, 482. A key factor of endothelial 

dysfunction is inadequate or inappropriate vasodilation or constriction. In healthy 

conditions the release of these substances occurs harmoniously to regulate vasomotor 

tone. However, in certain conditions this balance may be altered so that either the 

vasodilating or vasoconstricting substances are preferentially produced and released, 

resulting in altered vasomotor tone. Cardiovascular risk factors contributing to the 
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development of endothelial dysfunction, include hypercholesterolemia, smoking, 

hypertension and hyperglycaemia482. 

 

Platelet Reactivity 

Platelets are essential in haemostasis and thrombosis. Platelet dysfunction plays an 

important role in many clinical disorders, manifesting as hypo- or hyper-coagulable 

states. Ex vivo studies have demonstrated the coagulation protease, thrombin, to be a 

potent activator of platelets483 and thus thrombin directly contributes to the formation 

of a platelet plug. While thrombin-mediated platelet activation is critical for 

homeostasis, and may also result in thrombosis, the signalling pathway involved with 

this remains unclear484. 

 

Atherosclerosis 

Atherosclerosis is an inflammatory process where the vascular intima becomes 

thickened with atheroma and connective tissue485, 486. The risk factors for 

atherosclerosis include hypertension, diabetes mellitus, high cholesterol, cigarette 

smoking and a positive family history487.  

 

Endothelial dysfunction has been implicated as one of the first steps in the 

pathogenesis of atherosclerosis488. Endothelial dysfunction contributes to the 

formation of vasoactive molecules11, 12, cytokines489 and growth factors490, which 

activate the inflammatory response to remove these agents. If removal is not initially 

successful the inflammatory response may continue indefinitely, thus stimulating 

migration and proliferation of smooth muscle cells. They may become intermixed 
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with the area forming an intermediate lesion485. Once more, if this process continues 

unabated the arterial wall gradually thickens, which is compensated for by a parallel 

arterial dilation – a process referred to as “arterial remodeling”485. These cycles of 

accumulation, migration and proliferation continue until the artery is no longer able 

to compensate by dilation. Eventually an atherosclerotic plaque forms and it intrudes 

into the lumen and restricts or prevents the flow of blood. 

 

A.6.2 Clinical Syndromes: Large Conduit Vessel Disorders vs. Small 

Resistance Vessel Disorders  

When there is a negative alteration to the ‘normal’ physiology, such that blood flow 

is compromised there are two outcomes – ischaemia and infarction. Ischaemia is 

characterised by an imbalance between supply and demand with a transient 

interruption of blood flow being the most common mechanism. In ischaemia, cellular 

dysfunction but not necrosis occurs, whereas tissue necrosis does occur with 

infarction. 

 

A.6.2.1 LARGE CONDUIT VESSEL DISORDERS 

A.6.2.1.1 Coronary Artery Disease 

Stable angina is primarily a result of obstructive coronary artery disease491, 492 with 

ischaemia occurring when myocardial demand is increased due to an increased heart 

rate. Accordingly, therapy is primarily focused on reducing heart rate. In contrast, in 

variant angina493 and acute coronary syndromes494, 495, spasm496, 497 and thrombosis498 

play a substantial role, respectively, so that therapies include the use of CCBs, 

nitrates or anti-platelet agents.  
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A.6.2.1.2 Peripheral Artery Disease 

Peripheral artery disease (PAD) occurs in the peripheral tissues of the body and is 

characterised by interrupted or occluded blood flow. PAD primarily occurs 

secondary to cardiovascular disease. Two PAD conditions include intermittent 

claudication and gangrene. 

 

Intermittent claudication (IC) is an ischaemic condition that presents as muscular 

pain during exercise and is the primary symptom of PAD499. The ischaemia occurs 

when the tissue metabolic demand (during exercise) exceeds the limited supply to the 

obstructed atherosclerotic large vessels500, 501. Treatment of this condition has largely 

focused on revascularisation therapies, which entails dilating the obstructive lesion 

by angioplasty/stenting or bypassing it surgically. CCBs may be useful if a 

component of spasm is involved.  

 

Gangrene is a condition where large vessel occlusion occurs, resulting in tissue 

necrosis. Thrombosis is frequently involved502 and anti-platelet and anti-coagulation 

therapy may be beneficial for revascularisation of viable tissue. However, 

amputation is normally required for necrotic tissue. 

 

A.6.2.2 SMALL RESISTANCE VESSEL DISORDERS 

Since the smaller vessels within the vasculature play a major role in regulating 

vascular tone and blood flow (Section A.2.2), they also play a role in many 

cardiovascular conditions.  
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A.6.2.2.1  Coronary Microvascular Disorders 

Microvascular disorders are characterised by coronary microvascular spasm resulting 

in a decreased oxygen supply and consequently debilitating pain. To date, there are 

no effective treatments for managing these conditions with the conventional 

cardiovascular medications (nitrates and CCBs) targeting primarily the large 

coronary vessels. As suggested in the previous discussion the regulation of 

microvascular and large vessel tone involves different mechanisms and thus 

alternative therapies may need to be evaluated. 

 

Coronary microvascular dysfunction may manifest as cardiac syndrome-X or the 

Coronary Slow Flow Phenomenon (CSFP). Cardiac syndrome-X is characterized by 

exertional chest pain and a positive exercise stress test indicative of myocardial 

ischaemia503, 504 but in the absence of epicardial coronary artery disease. Patients with 

the CSFP predominantly experience chest pain at rest and exhibit a delayed passage 

of angiographic contrast dye through the distal vasculature505 in the absence of 

obstructive coronary artery disease, implicating an increased distal vascular 

resistance505. 

 

A.6.2.2.2 Hypertension 

Hypertension refers to a consistently elevated systolic blood pressure of >140mmHg 

or a diastolic >90mmHg506. Second only to tobacco smoking, hypertension is a 

leading risk factor for the development of stroke507, 508 and coronary heart disease507. 

It is also a major contributor to chronic heart failure509, 510 and chronic kidney 

disease511. Hypertension is the result of increased peripheral vascular resistance and 
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is primarily managed with vasodilator therapy. In over 95% of hypertensive patients 

there is no identifiable cause for the increased resistance506. Current National Heart 

Foundation guidelines recommend CCBs, angiotensin-converting enzyme (ACE) 

inhibitors, renin-angiotensin-aldosterone blockers or diuretics as first-line 

pharmacological therapies to treat hypertension following appropriate lifestyle 

modifications506.  

 

A.6.2.2.3 Cerebral Microvascular Disorders 

Stroke is a disabling condition resulting from cerebrovascular dysfunction. While 

discussed in the resistance vessel section, strokes can also occur in the large arteries 

responsible for supplying the brain with oxygen and nutrients, these are referred to as 

carotid strokes. Lacunar strokes however are characterised by small vessel occlusion.  

 

Lacunar strokes can be either occlusive (when blood flow through the vessel is 

obstructed) or hemorrhagic (due to uncontrolled bleeding from the vessel). Most 

occlusive strokes are due to atherosclerosis and thrombosis512, 513 whereas 

hemorrhagic strokes are generally associated with hypertension or aneurysms514, 515. 

Either of these may occur at any age from many causes; however, many studies have 

shown an increased risk of stroke in the presence of other vascular disorders such as 

hypertension. One such study demonstrated an increased risk of stroke in middle-

aged, hypertensive men compared with non-hypertensive men of similar age516. 

 

Intermittent changes in blood flow to certain parts of the brain resulting in ischemia 

and neurological dysfunction517 are termed transient ischaemic attacks (TIAs). TIAs 
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commonly result from disruption of an atherosclerotic plaque and thrombosis, 

commonly known as atherothrombosis498, 518, 519. Symptoms can vary, however, they 

manifest themselves in a similar way to stroke, including temporary loss of vision, 

difficulty in speaking, weakness on one side of the body and numbness or tingling 

usually on one side of the body. TIAs can be considered a warning sign for stroke 

with 15-20% of stroke patients suffering a TIA in the preceding hours or days517, 520. 

 

A.6.3 Clinical Role of Calcium Channel Blockers 

As discussed in Section A.6.2.2.2 hypertension is prevalent in the Australian 

community and is associated with many other cardiovascular conditions. 

Furthermore, hypertension is responsible for more disease and deaths worldwide than 

any other biomedical risk factor521. CCBs play an important role in the initial 

treatment and management of hypertension and are one of the most commonly used 

medications. This is indicated by their increasing use over the last 15 years522. The 

National Heart Foundation of Australia Guide to the Management of Hypertension 

2008 recommends the use of dihydropyridine CCBs, ACE inhibitors, angiotensin 

receptor blockers or low dose thiazide diuretics for the initial treatment of 

hypertension506. While the most effective combination treatment consists of a 

dihydropyridine CCB and an ACE inhibitor, other effective combinations include a 

dihydropyridine CCB and beta-blocker or a CCB and thiazide diuretic506.  

 

As mentioned above, CCBs play a major role in the management of cardiovascular 

disorders. Not only do they ameliorate symptoms such as angina but also reduce 

cardiovascular events associated with acute coronary syndromes, hypertension and 
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strokes. While their therapeutic benefits have predominantly focused on large vessel 

dysfunction, the studies undertaken in this thesis will also evaluate their effects on 

the microvasculature. 

 

A.7 SUMMARY AND AIMS 

The coronary, cerebral and peripheral vasculatures play a major role in health and 

disease and are responsible for more deaths in Australia than any other disease 

process. Combined they account for 34% of male and 39% of female deaths in 

Australia487. Control of blood flow within these vascular beds involves multiple 

regulatory mechanisms with VSMC Ca++ fluxes being the major common pathway. 

This thesis will investigate the regulation of Ca++ fluxes via the L- and T-channels in 

both large and small vessels. Specifically the focus will be on the effects of L-

channel blockers and combined L- and T-channel blockers. Furthermore, this thesis 

will quantitatively examine the protein distribution of L-channels and T-channels in 

both large and small vessels. These will be addressed in Sections B and C with an 

overall conclusion detailed in Section D. 

  

In Section B wire myography will be used to determine if there are differences in the 

inhibition of contractile responses between combined L- and T-channel blockade 

compared to L-channel blockade alone. The emphasis will be on microvessels given 

the clinically observed differences related predominantly to dysfunction in small 

resistance vessels. 
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The objectives of Section C are to: firstly, quantify with Real-Time PCR the mRNA 

expression of the pore-forming subunits of Ca++ L- and T-channels in small and large 

vessels; and secondly, using quantitative western blotting to compare the protein 

abundance of the pore-forming subunits of Ca++ L- and T-channels in both small and 

large vessels. 
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SECTION B 

 

L- AND T- CHANNEL BLOCKADE 

IN RAT AND HUMAN VESSELS
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B.1 BACKGROUND 

Ca++ channel blockers (CCBs) play a major therapeutic role in the management of 

cardiovascular disorders, particularly as anti-hypertensive and anti-anginal agents. 

These clinical effects are mediated via the inhibition of transmembrane Ca++ channels 

on vascular smooth muscle cells (VSMCs). They reduce Ca++ ion influx and this 

results in reduced vascular smooth muscle (VSM) contraction and vascular tone, 

ultimately relaxing the blood vessels. 

 

B.1.1 Ca++ Channel Blocker Classifications 

The conventional CCBs include phenylalkylamines (for example, verapamil), 

benzothiazepines (such as diltiazem) and dihydropyridines (for instance, nifedipine). 

These CCBs mediate their effects via a common mechanism, namely the inhibition 

of the long-acting voltage-dependent Ca++ channels (L-channel). The 

dihydropyridines are identified as vasodilators with no negative chronotropic or 

inotropic properties523. The non-dihydropyridines, however, are vasodilators with 

negative chronotropic and inotropic properties523.  

 

Some new generation CCBs have been developed which block not only the Ca++ L-

channel but have the additional effect of inhibiting the transient Ca++ channel (T-

channel). Mibefradil was the first such drug and had negative chronotropic but no 

significant inotropic properties524, 525. Clinical trials have shown mibefradil is an 

effective treatment for Coronary Slow Flow Phenomenon (CSFP) related chest pain. 

Specifically, mibefradil reduced the total number of anginal episodes per week, the 

duration of these anginal episodes and sublingual nitrate consumption required for 
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pain management381. However, mibefradil has since been voluntarily withdrawn from 

the market due to negative interactions with cytochrome P450 3A4, an effect 

unrelated to its T-channel blocking actions294. Efonidipine hydrochloride is a novel 

dihydropyridine with a unique pharmacological profile characterised by its ability to 

block Ca++ T-channels294. Specifically, the S(+)-efonidipine isomer blocks both the 

L- and T-channels with no effect on the N-, P/Q- and R-type channels. In contrast, 

the R(-)-efonidipine isomer selectively inhibits the T-channels391. 

 

B.1.2 T-Channel Blockers and the Microcirculation 

The new generation CCBs which have combined L- and T-channel blocking 

properties appear to have incremental clinical benefits over the conventional L- 

CCBs. These two CCB groups of agents differ in their pharmacodynamic responses 

at the small resistance vessel level. Since these blood vessels play a pivotal role in 

the regulation of blood pressure377,526, coronary blood flow381 and renal perfusion306 it 

is expected that these newer agents would have additional benefits for treating 

disorders relating to these circulations. For example, in a comparison of the anti-

hypertensive effects of diltiazem (an L-channel blocker) and mibefradil, the 

combined L- and T-channel blocker reduced blood pressure to a greater extent than 

the L-channel blocker377. Another comparison of diltiazem and mibefradil reported 

similar anti-hypertensive effects of the dual L- and T-channel blocker526. 

 

However, recent findings by Moosmang et al. in a conditional knockout mouse 

model, is in contrast to these findings. In embryonic stem cells Cav1.2 alleles are 

generated by Cre-mediated recombination. The animals in this study were made to 
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express the tamoxifen-dependent Cre recombinase, therefore treatment of these 

premutant mice with tamoxifen activates the recombinase which results in ablation of 

Cav1.2 in smooth muscle527. In these L-channel knockout animals they demonstrated 

that mibefradil’s lowering of blood pressure and increased hind-limb perfusion 

effects were absent. It was therefore proposed that mibefradil’s vascular effects were 

mediated via the L-channel only527. 

 

The beneficial effects of the combined L- and T-channel blockers in the 

microvasculature are thought to be mediated through an increased presence of T-

channels in the smaller vessels.  

 

B.1.3 Study Objectives 

The clinical and pharmacological data described above suggest that CCBs having T-

channel blocking properties may differ from those exerting only L-channel blockade. 

The main objective of the studies in this chapter is to determine if there are 

differences in the inhibition of contractile responses between combined L- and T-

channel blockade compared to L-channel blockade alone. The focus will particularly 

be on microvessels given that the clinically observed differences related 

predominantly to dysfunction in small resistance vessels. 

 

To achieve the above objective, several preliminary sub-studies were undertaken to 

ensure a comprehensive evaluation. These include: 

(1) Establishing appropriate CCB concentrations. 
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(2) Determining the effect of combined L- and T-channel blockers compared 

with L-channel blockers in large conduit vessels and microvessels, on 

constrictor responses mediated via: (a) a receptor-coupled vasoconstrictor 

agonist; and (b) a depolarising stimulus. 

(3) Assessing if combined L- and T-channel blockade produces incremental 

inhibition of constrictor responses in the presence of maximal L-channel 

blockade. 

(4) Determining the effect of combined L- and T-channel blockers compared 

with L-channel blockers in large conduit vessels and microvessels, on 

endothelin-1 (Et-1) constrictor responses in the presence of chronic Et-1 

receptor activation. 

(5) Confirming if heterogeneity in CCB responses is evident in human 

microvessels. 

The methods and findings from these sub-studies are summarised in the following 

sections. 

 

B.2 METHODS 

B.2.1 Isolated Vessel Preparations 

B.2.1.1 RAT VESSELS  

Six male Sprague Dawley rats weighing 400g each were anaesthetised using forthane 

inhalation anaesthetic and euthanased by exsanguination. Rats were placed in the 

supine position and a medium laparotomy performed. The small intestine was tied 

off with sutures, 3cm from the stomach and 3cm proximal to the colon, before 

removal of the small intestine with mesentery, including the superior mesenteric 
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artery. The vessels were immediately placed in ice cold Krebs at 4°C and bubbled 

with carbogen (95% oxygen, 5% carbon dioxide). 

 

For large vessel preparations the thoracic aorta was harvested. The contents of the 

thoracic cavity, including the heart and lungs, were removed and immediately placed 

in ice cold Krebs at 4°C and bubbled with carbogen. The aorta was dissected free of 

the lungs and separated from the heart at the aortic branch.  

 

This study was approved by the institutional ethics committees for animal research 

(approval M-04-2006, The University of Adelaide Animal Ethics Committee; 

approval 7/06, Institute of Medical and Veterinary Science/Central Northern 

Adelaide Health Service Animal Ethics Committee). 

 

B.2.1.2 HUMAN VESSELS 

Patients undergoing elective abdominal surgery were recruited into the study after 

completing informed consent, prior to the surgical procedure. The 17 subjects (55 ± 4 

years, 11 females) recruited to the study had no known history of cardiovascular 

disease although several had cardiovascular risk factors including 

hypercholesterolemia (29%), hypertension (24%), cigarette smoking (29%) and 

diabetes (12%). No patient was being prescribed vasodilator or statin therapy (see 

Appendix 3 for Patient Information Sheet). Immediately following surgical removal 

the subcutaneous, abdominal sample was placed in ice cold Krebs at 4°C and 

bubbled with carbogen. The study was approved by the institutional ethics 
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committees for human research (approval 2005050, The Ethics of Human Research 

Committee, Central Northern Adelaide Health Service). 

 

B.2.2 Chronic Endothelin Infusion Model 

To investigate the effects of the CCBs in the presence of an increased microvascular 

tone, via chronic Et-1 receptor activation, a mini-osmotic pump model was chosen as 

these mini-pumps are able to infuse animals at a continuous rate for a prolonged 

period. Previous studies have validated the use of these pumps to infuse endothelin 

resulting in hypertension528.  

 

B.2.2.1 MINI-OSMOTIC PUMP FILLING AND CANNULA PREPARATION 

ALZET® mini-osmotic pumps model 1002 (ALZET® through Jomar Biosciences, 

Australia) were filled with 100μL of filtered 0.1mg/mL Et-1 prepared in Tris (1M) 

buffered saline (saline 9%). Holding the pump in the upright position a syringe was 

used to fill the pumps at the filling port. Care was taken during filling to avoid the 

introduction of air bubbles into the pump. Once full the accompanying flow 

modulator was attached to the pump so that the flange was flush with the top of the 

pump. 

 

To construct the cannulae 2.5cm lengths of polyethylene tubing 0.03 inches internal 

diameter (Intramedic, Australia) were prepared with one end cut at a 45° angle. A 

0.1cm length of tubing was placed around the cannula 2cm from the angled end – 

this additional piece of tubing provides an anchor for suturing the cannula to the 
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jugular. The cannulae were sterilised with ethanol and flushed with 9% saline before 

attaching to the pump 

 

The ALZET® pumps are known to have a “start-up gradient” during which they 

regulate to body temperature, this may alter the infusion rate of the pump. To 

overcome this, pumps are “primed” prior to implantation. This is achieved by placing 

the pump in 9% saline at 37°C for a period of 4-6 hours. During priming it is 

important to keep the end of the cannula out of the saline to prevent mixing of the 

saline with the Et-1.  

 

The levels of Et-1 used in the current study are consistent with previous published 

reports which document a significant increase in blood pressure528, through chronic 

receptor activation. 

 

B.2.2.2 MINI-OSMOTIC PUMP IMPLANTATION 

Four male Sprague Dawley rats were anaesthetised with forthane inhalation 

anaesthetic and unconsciousness confirmed by a lack of reflex response of the hind 

and forelimbs. Throughout the surgical procedure unconsciousness was maintained 

through the delivery of anaesthetic via a nose cone. All procedures were performed 

using a sterile technique and instruments. 

 

Rats were placed in a supine position on a warmed 37°C surgical table facing away 

from the surgeon. The neck was shaved from the midline to 1cm beyond the jugular 

groove and cleaned with 70% ethanol swabs. Using sharp, curved scissors a 2cm 
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incision was made in the neck to the left of the midline penetrating the skin only. The 

main jugular vein was then isolated via blunt dissection. Blunt dissection was 

continued laterally to create a 7mm � 16mm pouch to house the mini-pump. 

 

Two lengths of 4.0 suture were placed underneath the jugular – the first 2cm caudally 

and the other loosely positioned around the external jugular vein. The sutures were 

held tautly in place with haemostats. A 21-gauge needle was used to puncture the 

jugular vein providing an opening for insertion of the cannula. The cannula was 

advanced through the jugular vein 2cm caudally. Each of the sutures were tied with 

triplicate box knots; the caudally positioned suture was tied around the cannula to 

secure it in place and the second suture tied around the vein to secure the cannula and 

pump. The mini-osmotic pump was then placed in the subcutaneous pouch and the 

incision site closed with 3-4 sutures. 

 

Sham rats (n = 4) underwent the same surgical procedure, however no Et-1 filled 

pump was inserted. Rather the jugular vein was tied off with 2 sutures.  

 

Ibuprofen (15mg/kg; Nurofen, Australia) was administered post-operatively for pain 

management. Following surgery, and for the duration of the protocol, the rats were 

monitored twice daily and all notes recorded in clinical record sheets. 

 

B.2.2.3 BLOOD PRESSURE MEASUREMENT 

Blood pressure was recorded using a Non-invasive Blood Pressure (NIBP) Controller 

tail cuff (ADInstruments Pty Ltd., Australia). Blood pressure recordings were 
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documented on a computer (mini-Mac, Apple Inc.) utilising the Powerlab® Chart 

v5.02 program (ADInstruments Pty Ltd., Australia). 

 

Three consecutive blood pressure measurements were recorded every morning to 

account for biological diurnal fluctuations. A pre-operative blood pressure reading 

was recorded prior to osmotic pump implantation. The rat was allowed to recover for 

2 days post-operatively before daily blood pressure measurements. 

 

B.2.3 Small Vessel Myograph Assessment of Vascular Reactivity 

B.2.3.1 SMALL VESSEL MYOGRAPH BACKGROUND 

In 1977 Mulvany and Halpern developed the small vessel wire myograph to allow 

for in vitro assessment of the mechanical and pharmacological properties of small 

vessels in a controlled environment529. The myograph technique allows small vessels 

to be mounted as a ring preparation and attached to two fixed wires to provide 

accurate measurements of vessel reactivity.  

 

A 2mm length of vessel is dissected and two stainless steel wires (40μm diameter) 

are inserted through the vessel lumen, care being taken not to damage the delicate 

endothelial lining. One of these wires is then connected to a force transducer to 

measure the tension of the vessel and the other connected to a micrometer, which 

may be used to manually stretch and relax the vessel if required (Figure 1): 
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Figure 1: The established set-up of a Mulvany wire myograph as 
utilised for microvessel mechanical and pharmacological assessment. 
Modified from http://www.dmt.dk/files/610m_setup.jpg. 

 

The small vessel Mulvany wire myograph (Multi Myograph model 610M, Danish 

Myo Technology) consists of four independent 6ml chambers, each with a force 

transducer capable of detecting 0.01mN – 1N changes in vessel tension. Transducer 

recordings were documented on a computer (iMac, Apple Inc.) utilising the 

Powerlab® Chart v5.02 program (ADInstruments Pty Ltd., Australia). 

 

B.2.3.2 TISSUE HANDLING AND DISSECTION 

To prevent RNA and protein degradation, which may compromise tissue reactivity, 

immediately following dissection tissue samples were placed in ice cold Krebs 

solution at 4°C. Dissection of individual arterioles was conducted in Krebs solution 

on a bed of ice and bubbled with carbogen to maintain a pH of 7.34. Using a 

dissecting microscope 2mm segments of vessels were dissected free from the 

surrounding tissue and all traces of adventitia carefully removed.  

 

For rat mesenteric arterioles a midline laparotomy was performed and ~10cm of 

proximal intestine, with mesentery and feeding vasculature to level of superior 

mesenteric artery, was removed. The specimen was mounted in a Silguard-based 

a1172507
Text Box
                           NOTE:     This figure is included on page 73  of the print copy of the thesis held in    the University of Adelaide Library.
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petri dish and adjacent segments of 3rd order mesenteric vessels, 2mm in length, 

dissected for mounting. 

 

For aortic vessels the thoracic aorta was removed and mounted in a Silguard-based 

petri dish and the surrounding layer of connective tissue removed. Rings of aorta, 

2mm in length, were carefully dissected and washed repeatedly in clean Krebs to 

remove all traces of blood from the lumen. 

 

For human subcutaneous arterioles a technique pioneered by Aalkjaer530 and 

modified by Hadoke141 was adopted. A subcutaneous tissue sample (2 (length) � 

1(width) � 1(depth) cm) was obtained from the lower abdominal wall of patients 

undergoing routine surgical procedures involving an incision in the inguinal region 

or anterior abdomen. The procedure had no additional risk or cosmetic implications 

and was performed by the patient’s surgeon. Small arteries were identified by distinct 

physical characteristics; arteries have a smooth adventitial surface, maintain their 

shape when removed from physiological salt solution and the vessel wall is 

sufficiently transparent to allow distinction between the media and lumen. Vessels 

were dissected free from the surrounding tissue and divided into 2mm segments for 

mounting.  

 

B.2.3.3 VESSEL MOUNTING  

The isolated 2mm mesenteric vessel segments were mounted in the myograph using 

two stainless steel wires (40μm diameter). The wires were inserted while the isolated 

vessel segment was continuously bathed in carbogen-gassed Krebs solution thereby 
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optimising tissue viability. The 2mm lengths of aorta were mounted directly onto the 

large myograph pins. Once the vessels were mounted the myograph bath was slowly 

warmed to 37°C over a 30 minute period before commencing the vasomotor studies. 

 

B.2.4 Standardisation of Vascular Responses 

B.2.4.1 VESSEL CALIBRE NORMALISTION 

Prior to the commencement of any in vitro vessel experiment it is necessary to 

normalise the internal diameter of the vessels to ensure an initial equivalent tension. 

This ensures that appropriate comparisons are made between vessels that may not be 

identical in diameter. This normalisation procedure was first devised in 1977529 and is 

still the standard for wire myograph experiments. 

 

The conventional conditions for lumen diameter calculation are based on an 

intravascular pressure equivalent to in vivo resting tension. While the pressure 

myograph can calculate accurate pressure values the wire myograph is not equipped 

for such measurements and as such they must be mathematically derived. This is 

achieved by calculating the point of intersection of the 100mmHg isobar using each 

individual vessels unique length-tension curve (for further details see Section 

B.2.4.2).  

 

As mentioned earlier, in vitro vessel tension is measured directly via the wire 

connected to the force transducer with the following equations529. The vessel radius 

can be determined by measuring the internal circumference; if the wires have a 
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diameter ‘w’ and are separated from each other by ‘s’ then the internal circumference 

‘c’ of the vessel is shown by: 

 c = ((2 + �)(w)) + 2s 

From this the  internal diameter (ID) can be calculated as:  

 ID = c/� 

With ‘l’ representing vessel length and ‘f’ force, then wall force per unit length is the 

passive wall tension (t) which is given as follows: 

 t = f/2l 

By distending the vessel in a stepwise fashion, corresponding wall tension and vessel 

diameter (d) values are acquired. These data can be modeled to: 

 t = A � Exp(B � d) 

 

where A and B are constants. As can be seen, the equation describes an exponential 

(Exp) curve. The constants can be derived by taking the logarithm of both sides of 

the equation and using linear regression.  

 

The corresponding pressure (p) at any point on the passive diameter-tension curve 

can be calculated using the Laplace equation: 

 p = (2�t)/c 

 

B.2.4.2 NORMALISATION FOR DEPOLARISATION RESPONSE 

Vessels are normalised using the Danish Myo Technology (DMT) Normalisation 

program (AD Instruments Chart Module Series, Powerlab® System, Australia) 

whereby the vessels are progressively stretched in 3mN increments until a pressure 
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of 100mmHg is obtained with an exponential curve fitted to the tension/radius data. 

The point at which this length-tension curve intersects the 100mmHg isobar 

corresponds to the vessel circumference and is denoted as IC100. The internal 

circumference is then set to 90% of this value which represents the optimum point of 

resting tension531-533. 

 

Once the tension of the vessels has been set and integrity of the vessels confirmed, 

vessel-drug interactions can be investigated with accurate comparisons made 

between vessel segments. 

 

B.2.4.3 DEPOLARISING WITH POTASSIUM 

Following vessel size normalisation there is a 30 minute equilibration period after 

which the experiment may begin. The standardised start procedure involves 

depolarising the vessels with 112mM potassium physiological salt solution (KPSS). 

The purpose of this KPSS exposure is to: 

- Ensure vessel integrity 

- Reactivate the mechanical and functional properties of the vessel which may 

have decreased during the dissecting, mounting and normalising stages 

- Generate a standard contractile value to which subsequent responses may be 

expressed 

 

This KPSS stimulation/washout procedure is repetitively analysed until reproducible 

results are obtained. An average of the final two stimulations is utilised for 

standardising subsequent responses. 
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B.2.5 Endothelial Integrity 

Since the endothelium has a large influence on vasomotor responses endothelial 

integrity was assessed at the beginning of all experiments. This not only provides 

information on the native integrity of the endothelium but also indicates if it has been 

damaged during experimental preparation. Endothelial integrity was assessed using 

incremental doses of acetylcholine (ACh, 0.01 - 3μM) in rat vessels preconstricted 

with phenylephrine (PE, EC75 concentration), using a well-established protocol. 

 

In human microvessels (<400μm) ACh has been shown to be an ineffective stimulus 

to assess the endothelial integrity of vessels141. For this reason bradykinin (BK, 

0.001- 3μM) was utilised as the stimulus in these vessels. If the vessels relax by 80% 

or more then endothelial integrity is determined to be intact and the vessels included. 

If, however, the vessels fail to relax to the bradykinin they are discarded. 

 

For the endothelium-denuded studies the endothelium was removed using the 

accepted method of gently rubbing the interior of the lumen with a thin piece of 

mounting wire. The loss of endothelial integrity was then confirmed by a lack of 

relaxation to ACh. 

 

B.2.6 Study Reagents 

The physiologic saline solution for all myograph experiments was Krebs which was 

continuously gassed with carbogen (95% O2, 5% CO2). The composition of the Krebs 

solution included (mM): NaCl (118), KH2PO4 (1.18), NaHCO3 (25), 10% MgCl2 

(1.05), 40% CaCl2 (2.34), 3.7mg/mL Na2EDTA (0.01) and glucose (5.56), ph 7.4. 
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High potassium solution, potassium physiological salt solution (KPSS), was made by 

replacing the NaCl in Krebs with iso-osmolar KCl. Fresh Krebs was made daily with 

KPSS made fresh every second day. 

 

B.2.6.1 VASOCONSTRICTORS 

The vasoconstrictor agonists used in this study were: 

1) Phenylephrine (PE) 0.01 - 100μM  

2) Endothelin-1 (Et-1) 0.01 – 30nM 

3) KPSS 112mM 

4) Potassium Chloride (KCl) 87mM  

 

B.2.6.2 VASODILATORS 

The endothelium-dependent vasodilator agonists used in this current study were: 

 1) Acetylcholine (ACh) 0.01 - 3μM 

 2) Bradykinin (BK) 0.001 - 3μM 

 

B.2.6.3 Ca++ CHANNEL BLOCKERS 

The Ca++ channel antagonists used in this study were: 

1) Verapamil 1μM  

2) Nifedipine 1μM 

3) Efonidipine Hydrochloride 0.021μM 

4) Mibefradil 1μM 
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Stock concentrations of each of the vasoconstrictors and vasodilators were prepared 

in double distilled water at a concentration of 100mM with the exception of Et-1 

which was prepared in 180mM acetic acid at a concentration of 200μM. Sequential 

dilutions required for the concentration-response curves were prepared in double 

distilled water from the 100mM (or 200μM) stock. Sequential concentration stocks 

were stored at -20°C as 1mL aliquots and thawed as required. 

 

The therapeutic plasma concentrations of each Ca++ channel antagonists were used534-

537. Verapamil and nifedipine are light sensitive and as such were appropriately 

shielded with aluminium foil during storage and the experimental procedure. A 1M 

stock concentration of efonidipine was prepared in dimethyl sulfoxide with dilution 

down to the working concentration made in double distilled water. A 1M stock 

solution of nifedipine was prepared in acetone with dilution down to the working 

concentration in double distilled water. Stocks (1M) of verapamil and mibefradil 

were prepared in double distilled water and diluted down to working concentration in 

double distilled water. All antagonist stocks were stored at -20°C as 1mL aliquots 

and thawed as required. 

 

B.2.7 Data Analysis 

B.2.7.1 CONCENTRATION-RESPONSE CURVE CHARACTERISTICS 

Each vessel responses to 112mM KPSS were repetitively analysed until reproducible 

responses were obtained. A mean of the final two KPSS responses were then used as 

a reference value for all following contractile responses. Each vessel’s responses 

were expressed as a percentage of their own averaged KPSS depolarising stimuli. 
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This acts to standardise individual vessel responses relative to a fixed contractile 

event. This also controls for any differences in contractility between individual 

vessel segments due to slight variances in vessel size.  

 

Each Et-1 concentration-response curve was performed in separate vessel segments 

due to the possibility of tachyphylaxis, which has been noted with Et-1 

contractions538. By performing these concentration-response curves in separate vessel 

segments, rather than consecutively in the same segment, we were able to obtain 

comparable responses between vessel segments with sustained Et-1 contractions and 

no evidence of spontaneous rundown (tachyphylaxis). 

 

For all experiments a pre-incubation approach was used. Vessel segments were 

incubated with the appropriate concentration of the CCB or control for a period of 30 

minutes. Following the CCB incubation concentration-response curves were 

performed for Et-1 or the vessels were depolarised with 87mM KCl. The decreased 

contraction seen in the treated vessels reflects the vessels inability to contract to the 

same extent as seen in control conditions. 

 

All data were analysed and statistics performed using GraphPad Prism® v5.02. Data 

were fitted to the Hill equation with variable slopes by using Prism® with EC50 and 

Emax values determined from the fit. The concentration required to produce a 50% 

maximal contraction or relaxation response is referred to as the EC50 and is expressed 

as a log molar concentration; EC50 values were determined with the following 

equation: Y = Minimum + (Maximum - Minimum)/(1 + (X/EC50)^(Hill coefficient) 
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where Y is the observed value, Minimum is the lowest observed value, maximum is 

the highest observed value, X is the logarithm of the concentration and the Hill 

coefficient provides the largest absolute value of the slope of the curve. With 

vasoconstrictor responses (Et-1) the Emax refers to the maximal level of contraction 

obtained. With the vasodilator responses (ACh and BK), however, the Emax value 

represents a percent relaxation of the vessels from a steady state pre-contractile 

response. Peak KCl contraction refers to the sharp depolarisation peak following KCl 

administration. These Emax, EC50 and peak KCl values were used to make 

comparisons between vessel segments. 

 

B.2.7.2 STATISTICAL ANALYSIS 

Comparisons between treatments were made for Emax, EC50 or peak KCl values for 

different agents as appropriate. Normal distribution of the data was validated using 

Prism® with p >0.10 for each data set. Due to a normal distribution the data are 

expressed as mean ± standard error of the mean (SEM). Where appropriate, 

comparisons between agents were performed using analysis of variance (ANOVA) 

with a Bonferroni’s post-hoc test with p<0.05 representing statistical significance. 

All blood pressure measurements however where analysed using Student’s t-test with 

p<0.05 representing statistical significance. n refers to the number of experiments 

taken from individual rats. 

 

B.2.8 Study Protocol 

The protocols for the individual sub-studies differed slightly as outlined below: 
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(1) To ascertain the dose-range effects of the CCBs on rat mesenteric 

microvessels, each of the CCBs were assessed at either their therapeutic 

concentration, one log unit higher or one log unit lower then an Et-1 

concentration-response curve performed. These experiments were 

designed to demonstrate the use of CCBs at near maximal concentrations. 

(2) To examine the effects of the CCBs on vessel constriction a pre-

incubation method was followed. This involves the therapeutic plasma 

concentration of the Ca++ channel antagonist (or the vehicle of the Ca++ 

channel antagonist) being incubated with the vascular segments for 30 

minutes followed by an Et-1 concentration-response curve. To determine 

the effect of the Ca++ channel antagonists on depolarisation-mediated 

contraction, a KCl depolarisation post-incubation was also performed. 

Comparisons could then be made between the control and experimental 

baths for vessel reactivity to Et-1 and KCl. 

(3) A third sub-study was designed to determine any additional effects of 

efonidipine in the presence of maximal L-channel blockade. Rat 

mesenteric microvessels were incubated with verapamil or nifedipine 

(both 10μM) with efonidipine (0.21μM) for 30 minutes and an Et-1 

concentration-response curve performed.  

(4) The effects of the CCBs were also examined in the presence of chronic 

Et-1 receptor activation. An osmotic mini-pump was inserted into the 

jugular vein and rats infused with 10ng/kg/min Et-1 for a period of 7 

days. Rats were then sacrificed and mesenteric microvessels and aortic 

segments incubated with the therapeutic plasma concentration of either 
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efonidipine, verapamil or efonidipine and verapamil for 30 minutes 

followed by an Et-1 concentration-response curve.  

(5) To confirm if this divergent response is also present in human 

subcutaneous vessels, samples were obtained from patients undergoing 

elective non-cardiac surgery. As with the rat aortic and mesenteric 

vessels, segments were incubated with the CCB for 30 minutes followed 

by an Et-1 concentration-response curve.  

New sets of vessels were used for each Ca++ channel antagonist to avoid the 

possibility of residual effects of previous Ca++ channel antagonists.  

 

B.3  RESULTS 

B.3.1 Ca++ Channel Blocker Dose Ranging Study 

As shown in Figure 2, incubation with the therapeutically-equivalent L-channel 

blocker concentrations produced a similar level of inhibition of the Et-1 contractile 

responses to those one log unit higher. This demonstrated that the therapeutic 

concentration produced near maximal effects (Emax: verapamil [1μM] = 82 ± 6%, 

[10μM] = 72 ± 3%, p>0.05; nifedipine [1μM] = 76 ± 3%, [10μM] = 67 ± 2%, 

p>0.05). Similarly for the combined L- and T-channel CCBs the therapeutic plasma 

concentrations utilised were also near maximal (Emax: efonidipine  [0.021μM] = 45 ± 

2%, [0.21μM] = 41 ± 4%, p>0.05; mibefradil [1μM] = 36 ± 4%, [10μM] = 29 ± 2%, 

p>0.05). Furthermore, there were no significant differences in the Et-1 EC50s across 

the CCB concentration ranges for any of the CCBs. Several CCB concentration-

response curves (n = 2) were also performed at two-fold greater log concentrations to 

the therapeutic concentrations, with the results identical to the one log unit greater 
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concentrations (data not shown). Hence comparisons between the L-channel blockers 

(verapamil and nifedipine) and the combined L- and T-channel blockers (efonidipine 

and mibefradil), at their respective therapeutic-equivalent concentrations used in this 

study are both therapeutically and pharmacodynamically appropriate.  

A. B. 

 

 

 

 

 

C. D. 

 

 

 

 

 

Figure 2: CCB dose-ranging study. Inhibition of individual Et-1 
concentration-response curves by (A) verapamil, (B) nifedipine, (C) 
efonidipine, and (D) mibefradil, following 30 minutes pre-incubation at 
their respective therapeutic plasma concentrations (�), one log unit 
below (�) and above (�) this concentration or control (�), for rat 
mesenteric microvessels (n = 5 per CCB per concentration). 
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B.3.2 Inhibition of Rat Constrictor Responses by Ca++ Channel Blockers at 

Therapeutic-Equivalent Concentrations 

B.3.2.1 ENDOTHELIN-1-MEDIATED CONSTRICTION 

B.3.2.1.1 Rat Microvascular Responses  

Endothelium Intact 

Rat mesenteric microvessels had a mean diameter of 304 ± 7μm and intact 

endothelium-dependent vasodilator responses with a mean maximal ACh relaxation 

of 87 ± 2% (n = 6). Pre-treatment with verapamil, nifedipine, efonidipine or 

mibefradil inhibited Et-1 contractile responses (Emax: 82 ± 6%*, 76 ± 3%*, 45 ± 

2%** and 36 ± 4%** respectively, *p<0.05 vs. control, **p<0.05 vs. L-channel 

blockade; see Figure 3 and 4). As summarised in Table 1, the combined L- and T-

channel blockers (efonidipine and mibefradil) inhibited Et-1 contractile responses 

nearly twice as effectively as the L-channel blockers (verapamil and nifedipine) in 

these microvessels. 
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Figure 3: Et-1-mediated developed tension in rat mesenteric vessels in 
the presence of CCBs. A. Representative trace of concentration-response 
curves to Et-1 following 30 minute incubation with verapamil (1μM), 
nifedipine (1μM), efonidipine (0.021μM), mibefradil (1μM), or control. 
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Figure 4: Et-1-mediated developed tension in rat mesenteric vessels 
in the presence of CCBs. Concentration-response curves to Et-1 
following 30 minute incubation with verapamil (1μM, �), nifedipine 
(1μM, �), efonidipine (0.021μM, �), mibefradil (1μM, �), or control 
(�). There was a significant inhibition of the Et-1 Emax by each of the 
CCBs. However, the combined L- and T-channel blockers produced 
greater inhibition than the L-channel blockers (*p<0.05 vs. control, 
**p<0.05 vs. L-channel blockade, n = 6). 

 

Endothelium Denuded 

In 6 rats the endothelium was denuded from mesenteric microvessels (mean vessel 

diameter = 314 ± 13μm) and impaired endothelium-dependent vasodilatory 

responses confirmed with ACh. Pre-treatment with verapamil, nifedipine, efonidipine 

or mibefradil in these endothelium-denuded vessels, inhibited Et-1 contractile 

responses (Emax: 88 ± 4%*, 83 ± 5%*, 47 ± 1%** and 45 ± 3%** respectively, 

*p<0.05 vs. control, **p<0.05 vs. L-channel blockade; see Figure 5). As shown in 

Figure 4 the combined L- and T-channel blockers (efonidipine and mibefradil) again 

inhibited Et-1 contractile responses almost twice as effectively as the L-channel 

blockers (verapamil and nifedipine) in these microvessels. Thus the divergent 
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responses between the combined L- and T-channel and the L-channel blockers in 

these microvessels are independent of endothelial function. 

  

 

Figure 5: Et-1-mediated developed tension in rat mesenteric vessels 
in the presence of CCBs. Concentration-response curves to Et-1 
following 30 minute incubation with verapamil (1μM, �), nifedipine 
(1μM, �), efonidipine (0.021μM, �), mibefradil (1μM, �), or control 
(�). In endothelium-denuded rat mesenteric microvessels, the differential 
inhibitory effects of the combined L- and T-channel blockers compared 
with the L-channel blockers remained evident (*p<0.05 vs. control, 
**p<0.05 vs. L-channel blockade, n = 6). 

 

B.3.2.1.2 Rat Aortic Vessel Responses 

The aortic rings had a mean diameter of 2055 ± 35μm and intact endothelium-

dependent vasodilator responses with a mean maximal ACh relaxation of 91 ± 1% (n 

= 7). As shown in Figure 6 and Table 1, pre-treatment with verapamil, nifedipine, 

efonidipine or mibefradil significantly reduced Et-1 contractile responses compared 

with control (Emax: 83 ± 6%*, 79 ± 5%*, 96 ± 3%*, 100 ± 4%* vs. control 159 ± 6%, 

respectively, *p<0.05).  
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Figure 6: Et-1-mediated developed tension in rat aortic vessels in the 
presence of CCBs. Concentration-response curves to Et-1 following 30 
minute incubation with verapamil (1μM, �), nifedipine (1μM, �), 
efonidipine (0.021μM, �), mibefradil (1μM, �), or control (�). There 
was a significant inhibition of the Et-1 Emax between the control and each 
of the CCBs, although the extent of inhibition did not differ between the 
CCBs (*p<0.05 vs. control, n = 7). 

 

As summarised in Table 1, in both rat microvessels and human microvessels 

(detailed in Section A.3.5) the combined L- and T-channel blockers inhibited Et-1 

contractile responses to a greater extent than L-channel blockers.  

 Table 1: Change in maximal Et-1 contractile responses by various 
CCBs. Change in the maximal contractile response to Et-1 (%KPSS) 
following 30 minute incubation with verapamil (1μM), nifedipine (1μM), 
efonidipine (0.021μM) or mibefradil (1μM) in rat aorta (n = 7), rat 
mesenteric (n = 6) and human microvessels (n = 6). In rat aorta there was 
no difference between the CCBs in their maximal Et-1 contractile 
response changes. However, in both rat microvessels and human 
microvessels there was a significant reduction in Et-1 Emax by the 
combined L- and T-channel blockers compared with L-channel blockers 
(*p<0.05 compared with L-channel blockers).  

�Emax (relative to control) L-Channel CCB L- & T-Channel CCB 
 Verapamil Nifedipine Mibefradil Efonidipine 
Rat Aorta  -69 ± 1% -75 ± 1% -68 ± 9% -65 ± 9% 
Rat Microvessel  -37 ± 7% -43 ± 9% -83 ± 4%* -77 ± 7%* 
Human Microvessel  -40 ± 7% -56 ± 8% -92 ± 9%* -86 ± 8%* 
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B.3.2.2 HIGH POTASSIUM-MEDIATED DEPOLARISATION 

B.3.2.2.1 Rat Microvascular Responses 

Pre-treatment with verapamil, nifedipine, efonidipine or mibefradil significantly 

inhibited peak KCl contractile responses compared to control (KCl: 12 ± 1%*, 12 ± 

1%*, 2 ± 1%** and 3 ± 2%**, respectively, *p<0.05 vs. control; **p<0.05 vs. L-

channel blockade; see Figure 7). Furthermore, as observed with agonist-mediated 

responses, the combined L- and T-channel blockers (efonidipine and mibefradil) 

inhibited KCl contractile responses to a greater extent than L-channel blockade alone 

(verapamil and nifedipine) in these microvessels.  

 

Figure 7: The role of L- and T-channels in depolarisation-mediated 
extracellular Ca++ entry in rat mesenteric vessels. Peak KCl (87mM) 
contraction following 30 minute incubation with verapamil (1μM), 
nifedipine (1μM), efonidipine (0.021μM), mibefradil (1μM) or control. 
All CCBs significantly inhibited KCl contractile responses. Moreover, 
the combined L- and T-channel blockers (efonidipine and mibefradil) 
inhibited KCl responses more effectively than the L-channel blockers 
(*p<0.05 L- and T-channel blockers vs. L-channel blockade alone, n = 4). 
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B.3.2.2.2 Rat Aortic Vessel Responses 

As shown in Figure 8, pre-treatment with verapamil, nifedipine, efonidipine or 

mibefradil significantly reduced the peak KCl contractile responses compared to 

control (KCl: 20 ± 1%*, 20 ± 2%*, 17 ± 2%*, 18 ± 1%*, respectively, *p<0.05). 

However, there was no difference between the CCBs regarding the extent of 

inhibition of contraction. 

 

Figure 8: The role of L- and T-channels in depolarisation-mediated 
extracellular Ca++ entry in rat aortic vessels. Peak KCl (87mM) 
contraction following 30 minute incubation with verapamil (1μM), 
nifedipine (1μM), efonidipine (0.021μM), mibefradil (1μM) or control. 
There was a significant inhibition of the peak KCl response between the 
control and individual CCBs but no difference between the CCBs (n = 4). 
 

B.3.3 Inhibitory Effect of Efonidipine in Rat Microvessels with Maximal L-

Channel Blockade.  

Rat mesenteric vessels were treated with maximal L-channel blockade (either 

verapamil or nifedipine at 10μM) and efonidipine to ascertain if there was 

incremental inhibition of the constrictor response in the presence of the combined L- 

and T-channel blocker. Despite maximal L-channel blockade, efonidipine produced 
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incremental inhibition of Et-1 constrictor responses suggesting that mechanisms 

other than L-channel blockade were involved (Emax: verapamil alone = -70 ± 2%*, 

verapamil with efonidipine = 38 ± 4%**, nifedipine alone = 66 ± 2%*, nifedipine 

with efonidipine = 36 ± 4%**, *p<0.05 vs. control, **p<0.05 vs. L-channel 

blockade, n = 5) (Figure 9). 

 

Figure 9: In the presence of maximal L-channel blockade efonidipine 
reduces developed tension in rat mesenteric vessels. Concentration-
response curves to Et-1 in the presence of verapamil (10μM, �), 
verapamil (10μM)/efonidipine (0.21μM) (�), nifedipine (10μM, �), 
nifedipine (10μM)/efonidipine (0.21μM) (�) or control (�). Following 
incubation with the maximal verapamil or nifedipine concentration there 
was a significant inhibition of the Et-1 Emax compared to control. In the 
presence of maximal verapamil or nifedipine concentration with 
efonidipine there was a further significant inhibition of Et-1-mediated 
developed tension (*p<0.05 vs. control, **p<0.05 vs. verapamil or 
nifedipine alone, n = 5). 
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B.3.4 Inhibition of Rat Constrictor Responses by Ca++ Channel Blockers at 

Therapeutic-Equivalent Concentrations in the Presence of Chronic Et-

1 Receptor Activation 

B.3.4.1 SHAM AND ET-1 RAT BLOOD PRESSURE DURING CHRONIC ET-1 

TREATMENT 

Following chronic Et-1 receptor activation, with a 7 day Et-1 infusion, there was a 

significant increase in mean systolic blood pressure from the pre-operative day 0 

measurement of 157 ± 1mmHg to 172 ± 0.5mmHg* on day 7 of the protocol 

(*p<0.05, n = 4 per group, see Figure 10). The mean systolic blood pressure of the 

sham surgery rats however remained the same for the duration of the study. 

 

Figure 10: Pre-operative and day 7 mean systolic blood 
pressure in both sham and Et-1 rats. Following treatment with 
Et-1 for 7 days there was a significant increase in mean systolic 
blood pressure from the commencement of the protocol (Day 0) to 
completion (Day 7) in the Et-1 rats (n = 4). In the sham rats (n = 4) 
however, blood pressure remained unchanged throughout the study 
(*p<0.05 compared to Day 0 Et-1 rats). 
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B.3.4.2 RAT MICROVASCULAR RESPONSES IN THE PRESENCE OF 

CHRONIC ET-1 

Sham rat mesenteric microvessels had a mean diameter of 311 ± 10μm and intact 

endothelium-dependent vasodilator responses with a mean maximal ACh relaxation 

of 88 ± 2% (n = 4). The Et-1 rat mesenteric microvessels had a mean diameter of 307 

± 6μm and intact endothelium-dependent vasodilator responses with a mean maximal 

ACh relaxation of 87 ± 3% (n = 4). In both groups pre-treatment with verapamil, 

efonidipine or efonidipine/verapamil inhibited exogenous Et-1 contractile responses 

(Sham Emax: 69 ± 2%*, 40 ± 2%** and 36 ± 2%** respectively; Et-1 Emax: 76 ± 5%*, 

39 ± 4%** and 39 ± 2%** respectively; *p<0.05 vs. control, **p<0.05 vs. 

verapamil; see Figure 11). Furthermore, the Et-1 mesenteric EC50 values for the 

control, verapamil, efonidipine and efonidipine/verapamil vessels were significantly 

higher than the corresponding sham mesenteric microvessel EC50 values (Table 2). 
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Figure 11: Et-1-mediated developed tension in rat mesenteric 
vessels in the presence of CCBS following chronic Et-1 
receptor activation. Concentration-response curves to Et-1 
following 30 minute incubation with verapamil (1μM, �), 
efonidipine (0.021μM, �), efonidipine (0.021μM)/verapamil 
(1μM) (�), or control (�) in rat (A) sham and (B) chronic Et-1 
vessels. In each group there was a significant inhibition of the Et-1 
Emax by each of the CCBs. However, the combined L- and T-
channel blocker, efonidipine, produced greater inhibition than the 
L-channel blocker, verapamil. Furthermore, combining efonidipine 
with verapamil produce no incremental inhibition compared to 
efonidipine alone (*p<0.05 vs. control, **p<0.05 vs. verapamil 
alone, n = 4). 
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B.3.4.3 RAT AORTIC RESPONSES IN THE PRESENCE OF CHRONIC ET-1 

Sham rat aortic vessels had a mean diameter of 2015 ± 30μm and intact endothelium-

dependent vasodilator responses with a mean maximal ACh relaxation of 89 ± 2% (n 

= 4). The Et-1 rat aortic microvessels vessels had a mean diameter of 2000 ± 35μm 

and intact endothelium-dependent vasodilator responses with a mean maximal ACh 

relaxation of 88 ± 2% (n = 4). In both groups pre-treatment with verapamil, 

efonidipine or efonidipine/verapamil inhibited exogenous Et-1 contractile responses 

(Sham Emax: 80 ± 2%*, 80 ± 2* and 70 ± 1%* respectively; Et-1 Emax: 81 ± 1%*, 77 ± 

1%* and 72 ± 2%* respectively; *p<0.05 vs. control; see Figure 12). Furthermore, 

the Et-1 aortic EC50 values for the control, verapamil, efonidipine and 

efonidipine/verapamil vessels were significantly higher than the corresponding sham 

EC50 aortic values (Table 2). 
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Figure 12: Et-1-mediated developed tension in rat aortic vessels 
in the presence of CCBS following chronic Et-1 receptor 
activation. Concentration-response curves to Et-1 following 30 
minute incubation with verapamil (1μM, �), efonidipine 
(0.021μM, �), efonidipine (0.021μM)/verapamil (1μM) (�), or 
control (�) in rat (A) sham and (B) chronic Et-1 vessels. In each 
group there was a significant inhibition of the Et-1 Emax by the 
CCBs. Furthermore, combining efonidipine with verapamil 
produce no incremental inhibition compared to efonidipine alone 
(*p<0.05 vs. control, **p<0.05, n = 4). 
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Table 2: EC50 values in sham and chronic Et-1 rat mesenteric 
and aortic vessels. In rat mesenteric microvessels chronic Et-1 
exposure significantly increased the control, verapamil, efonidipine 
and efonidipine/verapamil EC50 values to exogenous Et-1 
compared to sham mesenteric microvessels (*p<0.05 vs. sham, n = 
4). Likewise, in rat aortic vessels chronic Et-1 exposure 
significantly increased the verapamil, efonidipine and 
efonidipine/verapamil EC50 values to exogenous Et-1 compared to 
sham aortic vessels (#p<0.05 vs. sham, n = 4). Note: Data presented 
as mean with the range; E & V – efonidipine/verapamil. 

 

B.3.5 Human Subcutaneous Microvascular Responses 

Subcutaneous microvessels were obtained during non-cardiac surgery and mounted 

in the myograph (n = 6). The mean vessel diameter (at resting normalised tension) 

was 289 ± 14μm and endothelium-dependent vasodilator responses to BK intact in 

all vessels with a mean maximal BK relaxation of 87 ± 5%. The human 

microvascular responses to the CCBs were similar to those of the rat microvessels 

with a greater inhibitory effect on Et-1-mediated contractile responses by the 

combined L- and T- CCBs compared to L-channel blockade alone (Figure 13).  

 Rat Mesenteric Rat Aorta 
 Sham Et-1 Sham Et-1 
Control 1.5 (0.6, 3.1) 1.8 (1.6, 2.0)* 2.2 (2.1, 3.7) 3.0 (2.7, 3.2)# 
Verapamil 1.6 (1.2, 2.4) 3.9 (2.5, 5.3)* 2.4 (1.5, 3.3) 4.4 (3.9, 4.8)# 
Efonidipine 1.8 (1.5, 2.1) 3.7 (3.5, 5.8)* 2.2 (0.8, 3.5) 3.8 (3.7, 3.8)# 
E & V 2.6 (1.7, 3.8) 3.5 (3.1, 4.2)* 2.3 (1.2, 4.1) 3.5 (3.1, 3.9)# 
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Figure 13: Effectiveness of L- and combined L- and T-channel 
blockade in human subcutaneous microvessels. Concentration-
response curves to Et-1 in human subcutaneous microvessels following 
30 minute incubation with verapamil (1μM, �), nifedipine (1μM, �), 
efonidipine (0.021μM, �), mibefradil (1μM, �), or control (�). There 
was a significant inhibition of the Et-1 Emax between the control (123 ± 
8%) and each of the CCBs, verapamil (81 ± 4%*), nifedipine (66 ± 1%*), 
efonidipine (38 ± 2%**) and mibefradil (30 ± 4%**) (*p<0.05 vs. 
control, **p<0.05 vs. L-channel blockade, n = 6). 

 

B.4  DISCUSSION 

B.4.1 Heterogeneity in Vascular Responses to L- and Combined L- and T-

type Ca++ Channel Blockers 

The above series of experiments demonstrate segmental heterogeneity in vascular 

responses between conventional L-channel blockers (verapamil and nifedipine) and 

the newer combined L- and T-channel blockers (efonidipine and mibefradil). More 

specifically, in the rat model there were no differences between the CCBs concerning 

the inhibition of contractile responses in the large aortic vessels. However, in the 

mesenteric microvessels, the combined L- and T-channel blockers exerted greater 

inhibition of contractile responses compared to L-channel blockade.  
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The significance of this observation was further supported by additional 

experiments:-  

(1) The concentrations of the CCBs were shown to be near maximal for each 

of the CCBs as well as equivalent to their therapeutic plasma levels (see 

Figure 2).  

(2) The phenomenon is independent of: (a) the vasoconstrictor stimulus used 

(i.e. agonist-mediated Et-1 or depolarisation-mediated KCl; Figures 4, 6, 

7 and 8); (b) chemical class of CCB (ie. verapamil – phenylalkylamine; 

nifedipine and efonidipine – dihydropyridine; and mibefradil – 

benzimidazole); or (c) endothelial function (Figure 5).  

(3) Furthermore, we have shown that maximal L-channel blockade in the 

presence of efonidipine significantly reduces maximal constriction, 

compared to L-channel blockade alone, suggesting that efonidipine 

efficacy involves a mechanism other than L-channel blockade (Figure 9). 

This is consistent with clinical findings which found that the addition of 

mibefradil in the presence of the conventional L-channel blocker 

verapamil depressed microvessel constriction more than L-channel 

blockade alone381. 

(4) In the presence of chronic Et-1 receptor activation, and consequently 

altered microvascular reactivity, the CCBs were still able to exert their 

effects (Figures 11 and 12). Specifically, in both sham and Et-1 rats the 

combined L- and T-channel blocker efonidipine was more effective at 

decreasing Et-1-mediated constriction than L-channel blockade alone 

(Figure 11).  
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(5) Demonstration of a divergent CCB response in human subcutaneous 

microvessels (Figure 13). 

 

It is important to note that even in the presence of altered microvascular reactivity, 

via chronic Et-1 receptor activation, the CCBs were still able to exert their effects. 

The Et-1 rats were seen to have a significantly elevated systolic blood pressure at the 

completion of the 7 days treatment period. We do note that the mean pre-operative 

blood pressure of 159 ± 2mmHg in these rats was higher than the reported mean 

systolic blood pressure on 120mmHg528. Further studies by my colleagues will be 

exploring the reason for the high baseline blood pressure in these rats. However, the 

model did demonstrate an increase in blood pressure for the Et-1 rats whereas this 

did not occur in the sham surgery rats.  

 

Specifically, In the presence of chronic Et-1 receptor activation, via 7 days infusion 

through the jugular vein, the combined L- and T-channel blocker efonidipine was 

still able to inhibit maximal Et-1 constriction to a greater extent than the L-channel 

blocker verapamil in mesenteric microvessels. Furthermore, incubation of vessels 

with both efonidipine and verapamil provided no additional benefit compared to 

efonidipine alone (Figure 10). Vessels from rats infused with Et-1 for 7 days did 

however have an increased Et-1 EC50 compared to the control surgery rats (Table 2), 

suggesting that this chronic Et-1 exposure reduced vascular sensitivity to exogenous 

Et-1. Previous studies have demonstrated the binding of Et-1 to the ET-A receptors 

results in cellular internalisation of the receptor539 which may be a possible 

explanation for this reduced sensitivity. Once internalised there are two possibilities 
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for receptors, either then can dissociate from the ligand and move back to the 

surface540, or they can be degraded541, 542. For Et-1, it is an established fact that 

dissociation of Et-1 from the ET receptors is difficult543. Therefore, if the Et-1 

receptor is internalised and degraded then this would explain the increase in EC50 

and increased time to reach maximal contraction (which was comparable to the sham 

surgery rats).  

 

The findings regarding the combined L- and T-channel blockers, efonidipine, 

maintaining its effects in the presence of an altered physiology holds important 

therapeutic value. Furthermore, this is consistent with clinical studies demonstrating 

the benefit of combined L- and T-channel blockers in conditions involving an 

alteration in microvascular tone, such as hypertension and CSFP. Thus we propose 

that efonidipine and mibefradil’s additional T-channel blockade may explain their 

differential response in the microvasculature in comparison to the conventional L-

channel blockers. 

 

B.4.2 Vascular T-Channel Blockade 

Previously the role of vascular T-channels has been controversial. Moosmang et al. 

utilising a conditional L-channel knockout mouse model, showing no gross 

abnormalities, demonstrated a loss of mibefradil’s vasomotor effects. These included 

impairment of its blood pressure lowering effect and a reduction in its inhibition of 

vasoconstrictor effects in a hind-limb perfusion model527. Appropriately, these 

researchers concluded that in their mouse model, mibefradil’s vasomotor effects 

were mediated exclusively via the L-channel. We have pharmacologically 
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reproduced the inactivation of L-channels using a maximal concentration of the L-

channel blockers (Figure 9). Our functional data with human and rat microvessels 

indicates that L-channel blockade inhibits contractile responses by approximately 

half. However, the addition of T-channel blockade in these microvessels results in a 

further 30% reduction in contractile responses. These data support the notion that 

there are species differences among both rodent models and humans. 

 

Further support for our observations concerning the importance of vascular T-

channels can be derived from previous experimental and clinical studies. Firstly, 

efonidipine292, 294 and mibefradil297 inhibit T-channel currents significantly more than 

the L-channel currents in isolated vascular smooth muscle preparations. In porcine 

small coronary vessels, mibefradil dilates Et-1-contracted vessels more effectively 

than in the larger coronary arteries298. Similarly, in rat cremasteric muscle arterioles, 

mibefradil is more potent than verapamil in inhibiting the myogenic tone of these 

vessels299. Studies of the glomerular microcirculation have demonstrated L-channels 

in the afferent but not the efferent arteriole, whereas T-channels are found in both 

types of glomerular microvessels306. Thus, while L-channel blockers predominantly 

dilate the afferent arteriole and may produce glomerular hypertension, T-channel 

blockade does not. This may explain why efonidipine and mibefradil have been 

shown to reduce proteinuria in hypertensive patients with renal impairment whereas 

L-channel blockers do not544.  

 

Clinical studies of hypertension393, 526 and coronary microvascular dysfunction381 have 

also demonstrated the benefits of the combined L- and T-channel blockers. A 
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randomised, double-blind, placebo controlled, cross-over study clearly demonstrated 

the anti-hypertensive effects of efonidipine. It also significantly lowered blood 

pressure and improved endothelial function393. The L-channel blocker nifedipine 

increases heart rate by baroreceptor reflexes which is undesirable in patients already 

suffering from hypertension. In contrast, efonidipine has potent bradycardic action 

when given in therapeutic doses294. 

 

In the Posicor Reduction of Ischaemia During Exercise (PRIDE) study patients with 

stable angina were randomised to receive the maximum dose of either 100mg 

mibefradil or 360mg diltiazem (an L-channel blocker) to compare the anti-anginal 

effects of both drugs. The primary endpoint of this study was the time to symptom-

limited exercise termination (i.e. chest pain onset) in comparison to that at the 

commencement of the study period 8 weeks earlier. In this study the combined L- 

and T-channel blocker mibefradil significantly increased both exercise duration and 

the time to ischaemia. An additional benefit noted with the treatment of mibefradil 

was a reduction in blood pressure to a greater extent than the L-channel blocker526. 

 

The coronary slow flow phenomenon is a coronary microvascular disorder 

characterised by the delayed passage of contrast during angiography reflecting the 

increased downstream resistance505. Patients with this disorder on maintenance 

verapamil therapy, still exhibit the angiographic phenomenon. The addition of 

mibefradil, however, acutely improves angiographic flow381. Furthermore, mibefradil 

was shown to alleviate the angina associated with this microvascular disorder. 
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Specifically, mibefradil decreased the number of anginal attacks, the duration of 

these attacks and the amount of nitrates required for pain management381.  

 

B.4.3 Implications 

The above findings provide a clear rationale for the use of combined L- and T-

channel blockers in microvascular dysfunction. The new generation CCBs which 

have combined L- and T-channel blocking properties appear to have incremental 

benefits over the conventional L-channel blockers. As demonstrated in this study, 

these two CCB groups of agents differ in their pharmacodynamic responses at the 

small resistance vessel level. Since these resistance vessels play a pivotal role in the 

regulation of blood pressure and coronary blood flow, additional benefits of the 

newer agents could be expected in disorders relating to these circulations. Therefore 

development of specific T-channel blockers has significant therapeutic potential in a 

clinical setting. 

 

B.5 CONCLUSIONS 

In summary, the incremental microcirculatory benefits of the combined L- and T-

channel blockers, efonidipine and mibefradil, over the conventional L-channel 

blockers are possibly due to their additional T-channel blocking abilities. However, 

further studies are required to define the precise role of the T-channel with the newer 

CCBs and their role in regulating vascular tone, including its therapeutic application. 
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SECTION C 

 

Quantitation of L- and T-type Ca++ 

Channels in Large and Small Vessels 
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C.1 BACKGROUND 

An improved understanding of the mechanisms regulating vascular tone may enable 

advances in the treatment of microvascular disorders. This section aims to quantitate 

the mRNA and protein abundance of the pore-forming subunits of the Ca++ L- and T-

channels in large and small blood vessels. Doing so may provide a structural basis 

for the differential pharmacological response to L- and T-channel blockers 

documented in Section B. 

 
 
C.1.1 Ca++ Channels 

Structurally the L- and T-type Ca++ channels are composed of several subunits 

including a unique �1 pore-forming subunit, an �2/	 subunit, a � subunit and a � 

subunit (Figure 1).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
  

 
Figure 1: Molecular architecture of the VOCC depicting the �1 pore-
forming, �2/	 , �  and �  subunits. Modified from Hofmann et al.1994239.  

 

a1172507
Text Box
                           NOTE:     This figure is included on page 108  of the print copy of the thesis held in    the University of Adelaide Library.
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The auxiliary subunits (�2/	, � and �) regulate channel gating241, 242, 243, 244, 245, 246 

whereas the �1 pore-forming subunit contains the voltage sensor and as such 

determines the voltage selectivity of the channel expressed240.  

 

The �2 and 	 subunits are linked by a disulfide bond with the 	 subunit anchoring the 

protein in the plasma membrane242. Importantly, the �2 subunit provides the 

structural elements required for channel activation243. The �2	 subunit has a role in 

increasing the density of Ca++ channels (activated by high voltage) at the plasma 

membrane244 with several studies demonstrating a significant increase in the number 

of functional HVA channels in the presence of �2	
545, 546. The exact mechanism 

behind this effect is unknown however it is proposed that �2	 facilitates proper 

insertion of the channel protein into the plasma membrane244.  

 

The � subunit regulates current density by controlling the amount of �1 subunit 

expressed at the cell membrane. Through its interaction with the �1 pore the � 

subunit also regulates activation and inactivation kinetics, and hyperpolarises the 

voltage-dependent activation of the �1 pore to allow for smaller depolarisations245, 246.  

 

Finally, the � subunit is predominantly associated with skeletal muscle VOCCs248 

with a primary role in interactions with other membrane proteins242. 

 

To date ten Ca++ channel subtypes have been identified and classified (Figure 2). 

These subtypes can be further divided into three subfamilies (Cav1, 2 and 3) based on 

their amino acid sequence and electrophysiological properties. Three of these 
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channels have been identified as functionally important in VSM. These include 

Cav1.2 (�1C subunit of the L-channel) and Cav3.1 and 3.2 (�1G and �1H subunits of the 

T-channel)300, 306, 307, 416. 

 

Figure 2: Division of the VOCCs into the HVA and LVA subgroups, the 
Cav1, Cav2 and Cav3 families and their individual L-, P/Q-, N-, R and T-
type. Modified from Perez-Reyes, 2003255 

 

C.1.2 T-Channel Molecular Biology 

The LVA T-channels have been further subclassified into 3 separate T-channels, 

based on the molecular architecture of the �1 pore-forming subunit (Figure 2), each 

of which are encoded for on different genes. The genes encoding T-channels are 

designated as Cacna1G, Cacna1H and Cacn1I and code for Cav3.1, 3.2 and 3.3, 
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respectively. From the human genome project the three T-channels are known to be 

located on the long arm of chromosome 17 (Cacna1G/Cav3.1), the short arm of 

chromosome 6 (Cacna1H/Cav3.2) and the long arm of chromosome 22 (Cacna1I/ 

Cav3.3)547. The genetic difference between these three T-channel types is quite large 

with a sequence homology of approximately 60%255. 

 

The coding sequences for the T-channels were determined in 1998 by Perez-Reyes et 

al.257 who sequenced the T-channel by matching highly conserved genetic sequences 

from the L-channel to unknown genetic sequences contained within multiple animal 

species. Earlier functional studies in Xenopus oocytes also confirmed that these 

genes did encode for T-channels with the currents having the distinct low activating 

potential (
60mV), a small single channel conductance (3.5 – 7pS) and slow 

inactivation, all hallmarks of the T-channel255-257.  

 

C.1.3 Ca++ Channel Distribution in the Vasculature 

In large vessels, L-channels regulate a large proportion of extracellular Ca++ entry237 

and therefore activation of Ca++ CaM-dependent MLCK, myosin phosphorylation 

and vascular contraction548-550. Due to the role of L-channels in Ca++ entry and 

vasoconstriction, blockade of this channel can be an effective form of treatment for 

large vessel vasospasm including angina354, 355, 365, 366. More recently evidence has 

emerged that the T-type channels are important in several cardiovascular and renal 

pathologies306, 381, 551.  
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Animal and human clinical studies have suggested that in the microvasculature there 

is a significant increase in the mRNA encoding the T-channel compared to the L-

channel552, 553, 306, 301. Using non-quantitative PCR, on extracts of rat mesenteric 

vessels less that 40μm in diameter, T-channel mRNA was readily detected whereas 

the level of L-channel mRNA was undetectable301. Subsequent follow-up studies 

using both Ca++ imaging and polymerase chain reaction (PCR) in isolated smooth 

muscle cells from rat and guinea pig mesenteric microvessels suggest that the Ca++ 

channel activated during sustained depolarisation did not have properties of the HVA 

channel but were similar to the T-channel552. Specifically, the pharmacology 

(nifedipine-insensitive Ca++ currents) and physical ion pore properties (Ca++ and 

barium permeability) suggested that these channels belonged to the class of LVA 

channels.  

 

Studies in the renal microvasculature identified an equal distribution of L- and T-

channel mRNA in the afferent arteriole, but a predominance of T-channel mRNA 

over L-channel mRNA in the efferent arteriole306. Consistent with this difference in 

expression level of the pore-forming subunits of these VOCCs both L- and T-channel 

antagonists are able to inhibit afferent vasoconstriction. However, only the T-channel 

antagonists can inhibit efferent vasoconstriction553. Additionally, T-type CCBs dilate 

both afferent and efferent glomerular arterioles whereas L-type CCBs dilate only the 

afferent arterioles544.   

  

However, controversy over the importance of the T-channel in the microvasculature 

still exists. Although the above studies suggest a role for the T-channel in regulating 
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microvascular tone, a recent study by Moosmang et al.527 has sparked debate. Using a 

time and smooth muscle specific L-channel knockout mouse model to investigate 

blood pressure and hind limb blood flow, they found that the beneficial effects of the 

combined L- and T-channel blocker, mibefradil, were abolished. This suggests that 

the vasodilatory effects of mibefradil were actually mediated via the L-channel and 

not the T-channel (for more details refer to Section B.1.2).  

 

C.1.4 Study Objectives 

Efonidipine292, 294  and mibefradil375 have been identified as dual L- and T-channel 

blockers. Furthermore, they have been identified as more efficacious in attenuating 

microvascular constriction than the conventional L-channel blockers verapamil and 

nifedipine. This is the case even when complete L-channel blockade occurs. 

Furthermore, this phenomenon manifests itself in human subcutaneous microvessels 

and is independent of the agonist utilised or endothelial function (see Section B).  

 

As outlined above previous studies have examined the mRNA distribution of L- and 

T-channels301, 544, 553. However, these studies used non-quantitative PCR which is 

considered less reliable than quantitative PCR since the analysis is endpoint in 

nature. For example, if the products of the reaction have reached saturation by 

completion of the PCR reaction, no differences in mRNA expression will be 

detectable. The advantage of quantitative PCR is that it allows for kinetic analysis of 

channel expression during the linear phase of the polymerase chain reaction. This 

consequently enables one to more reliably detect any differences in mRNA 

expression. To date, however, no studies have quantitatively compared both mRNA 
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and protein abundance of L- and T-channels in large and small vessels. The current 

study provides a comprehensive evaluation of small and large vessel reactivity 

regarding various CCBs (Section B) coupled with the first quantitative molecular 

analysis of the structural components of L- and T-channels. The objectives of the 

current chapter are to: (1) quantify mRNA expression of the pore-forming subunits 

of Ca++ L- and T-channels in rat thoracic aorta (>2000μm diameter) and mesenteric 

microvessels (<300μm diameter) and using quantitative PCR; and (2) compare the 

abundance of pore-forming subunits of Ca++ L- and T-channels in rat thoracic aorta 

and mesenteric microvessels using quantitative ratiometric western blot analysis. 

 

C.2 METHODOLOGY  

C.2.1 Isolated Vessel Preparations 

C.2.1.1 RAT MESENTERIC AND AORTIC VESSELS 

For vascular preparations information refer to Section B.2.1.1. 

 

In these experiments, to provide sufficient tissue for analysis, ten 3rd order mesenteric 

vessels 5mm in length were dissected from an individual rat and pooled to form one 

sample.  

 

This study was approved by the relevant institutional ethics committees for animal 

research (approval M-04-2006, The University of Adelaide Animal Ethics 

Committee; approval 7/06 Institute of Medical and Veterinary Science/Central 

Northern Adelaide Health Service Animal Ethics Committee). 
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C.2.1.2 TISSUE HANDLING AND DISSECTION 

For tissue handling and dissection see Section B.2.3.2.  

 

Specific to these experiments following dissection vessels were placed in 2mL 

eppendorf tubes and snap frozen in liquid nitrogen. Samples were stored at -80°C 

prior to mRNA and protein extraction and quantitative PCR and SDS-PAGE/western 

blot analysis. 

 

C.2.2 Quantitation of the mRNA Encoding the Pore-Forming Subunits of 

Ca++ Channels Using Real-Time PCR 

C.2.2.1 RNA EXTRACTION 

RNA extraction was performed using the Qiagen RNeasy Mini Kit (Qiagen Pty Ltd., 

Australia) with the extraction procedure outlined by the manufacturer. 

 

The aortic vascular tissue (20-30mg) was homogenised in a liquid nitrogen-cooled 

mortar and pestle and placed in a 2mL eppendorf tube containing 600μL of the 

proprietary Qiagen extraction buffer RLT containing guanidine-thiocyanate. Due to 

their small size mesenteric segments were placed directly in a 2mL eppendorf tube 

containing 600μL of the extraction buffer. Following tissue lysis samples were 

centrifuged for 3 minutes at room temperature at 14 000g. The aqueous supernatant 

layer (~600μL) was removed and mixed with one volume of 70% ethanol. The 

samples were then passed through a Qiagen column where the RNA binds to the 

silica membrane of the column. To remove any contaminating DNA and/or salts the 

column was sequentially washed with buffers contained in the kit: Buffer RW1 
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(700μL � 1 wash) and Buffer RPE (500μL � 2 washes) as recommended by Qiagen. 

RNA was then eluted from the column, into a 1.5mL eppendorf tube, with 20μL of 

sterile water. Samples were stored at -80°C prior to reverse transcription and 

quantitative PCR. 

 

C.2.2.2 REVERSE TRANSCRIPTION 

cDNA was generated by reverse transcription of 3μL of the RNA samples using 

oligo dT (Invitrogen, Australia) and Superscript II polymerase (Invitrogen, 

Australia). Briefly, this included 1μL oligo dT (500ng/μL), 4μL 5� first strand buffer 

(Invitrogen, Australia), 2μL dithiolthreitol (DTT, 100mM), 1μL deoxyribonucleotide 

triphosphate (dNTPs, 10mM) (Invitrogen, Australia), 1μL Superscript II polymerase 

(added last) and 8μL sterile water. 

 

The reagents were mixed together by pipetting, centrifuged and incubated at 42°C 

for 90 minutes. The cDNA samples were then stored at -20°C until required for 

quantitative PCR. 

 

C.2.2.3 REFERENCE CONTROL GENES (HOUSEKEEPING GENES) 

Housekeeping genes provide a reference value and act as an internal reference 

standard when identifying expression of the same or different mRNAs between tissue 

types. Importantly, factors which inhibit reaction efficiency will do so for both the 

housekeeping and experimental reactions. Therefore, if the PCR efficiency of the 

housekeeping gene is reduced for a particular cDNA sample then it is likely the 

experimental cDNA sample will be similarly reduced554. This approach enables one 
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to identify relative expression of experimental cDNA in comparison to reference 

genes and thereby identify true differences in expression. In all experiments message 

for the 18s ribosomal subunit was used as the internal reference gene due to its wide 

and uniform expression in a variety of vascular tissues555. 

 

C.2.2.4 QUANTITATIVE PCR PROTOCOL 

The quantitative PCR protocol used specific primer-mediated amplification of DNA. 

The SYBR green polymerase master mix (Applied Biosystems, Australia), with 3μL 

of cDNA and 1μL of both the forward and reverse primers, was used in PCR 

reactions to enable real-time quantitation of PCR amplicon abundance. SYBR green 

intercalates between the major groove of the double stranded DNA and fluoresces. 

Thus, the level of fluorescence during the PCR protocol directly correlates to the 

amount of DNA present. Non-template controls, containing sterile water in place of 

cDNA, were included to verify there was no contaminating DNA present in the 

primers or SYBR green polymerase master mix.  

 

A Corbett 3600 thermal cycler with fluorescence detector and accompanying Rotor-

Gene 6 software (Corbett Research, Australia) was used to analyse all quantitative 

PCR reactions. Briefly the PCR protocol involved a 5 minute 95°C hot start followed 

by a maximum 40 amplification cycles with the following temperature protocol: 

denaturation of DNA at 95°C for 30 seconds, annealing at 55°C for 30 seconds and 

primer extension at 72°C for 30 seconds. At the end of the protocol there was a 2 

minute hold at 40°C followed by melt analysis. Due to each double-stranded DNA 

amplicon having a specific melting point (Cav1.2 = 78°C, Cav3.2 = 82°C and 18s = 
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78°C) at which the strands separate, melt curve analysis identified the number of 

unique amplicons in each PCR reaction providing an index of primer specificity.  

  

C.2.2.4.1 Primers 

Each of the PCR primers were designed using the Primer3 Input Program (version 

1.1.1) to generate amplicons between 20–24 base pairs and were synthesised by 

Sigma-Genosys, Australia (Table 1).  

 Forward (5’ – 3’) Reverse (5’ – 3’) 
Cav1.2 AGTGATTGCCTACGGACTACTCTT AAGCCCTACAACCACGATTATAAA 

Amplicon Size 24 24 

Cav3.2 CTGCCCAGAGAAGGAACAAG CAGGCTCATCTCCACTGTCA 

Amplicon Size 20 20 

18s GCCGCTAGAGGTGAAATTCTTG CATTCTTGGCAAATGCTTTCG 

Amplicon Size 22 21 
  

Table 1: Quantitative PCR primers. Real-Time PCR forward and 
reverse primers for Cav1.2, Cav3.2 and 18s housekeeping gene and the 
corresponding amplicon size. 

 

C.2.2.5 DATA ANALYSIS 

The threshold cycle (CT), used for analysis, reflects the cycle number at which the 

fluorescence generated within a reaction crosses the threshold. The delta delta CT 

formulae, 2-��CT, as described by Livak et al.556 was used to analyse and quantitate L- 

and T-channel mRNA data. To determine the expression of each of the channels the 

following formula was used: 

 ��CT = (channel – 18s)X – (channel – 18s)O  

where X represents the CT of each individual sample at a chosen threshold and 0 

represents the mean of these individual CT values. The mean of each of these ��CT 

values for each channel was then taken and incorporated into 2-��CT to provide a final 

expression value for Cav1.2, Cav3.2 and 18s.  
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C.2.2.5.1 Statistical Analysis 

The mRNA expression values for Cav1.2, Cav3.2 and 18s in both aorta and 

mesenteric tissue were examined using Student’s t-test with p<0.05 representing 

statistical significance. n refers to the number of individual samples taken from 

independent rats, such that an n of 4 would indicate individual samples were 

obtained from 4 separate rats. 

 

C.2.3 Ratiometric Quantitation of the Proteins Comprising the Pore-

Forming Subunits of L- and T-Channels  

C.2.3.1 ANTIBODIES 

All primary antibodies were prepared in 1% non-fat dried milk (NFDM) and Tris 

Buffered Saline (composition: 25mM Tris, 150mM NaCl) with 0.05% Tween 20. 

Commercially available polyclonal (rabbit IgG) antibodies were used: anti-Cav1.2, 

which recognises the 190kDa �1C subunit557-559, at a 1:2000 dilution (Chemicon, 

Australia); anti-Cav3.1, which recognises the 250kDa �1G subunit560, 561, at a 1:500 

dilution (Sigma-Aldrich, Australia); and anti-Cav3.2, which recognises the 230kDa 

�1H subunit562, 563, at a 1:500 dilution (Sigma-Aldrich, Australia).  

 

The secondary antibody was an anti-rabbit IgG-horseradish peroxidase-conjugate 

(Santa Cruz Biotechnology® Inc., California) prepared in TBS-T at a dilution of 1:10 

000. 
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C.2.3.2 PROTEIN ISOLATION 

The �1 subunits of the Ca++ L-channel are known to be highly sensitive to 

proteases564. Therefore to prevent degradation of proteins, samples were extracted in 

the presence of Calpain Inhibitor 1 (Calbiochem®, Australia) and a broad spectrum 

protease inhibitor cocktail (Complete Mini tablet, Roche Applied Science, Australia).  

 

Protein extraction was performed using previously published, validated methods565. 

All mesenteric vessels were 3rd order and cut to a similar length. Each of the aortic 

segments were also cut to a similar size. All protein samples were extracted from 

snap-frozen vessels in a 60μL aqueous solution containing a 1:10 dilution of the 

calpain/protease inhibitor mix (5mg/mL), 1mM DTT, 50mM Tris pH 6.8, 30% 

glycerol, 0.001% bromophenol blue and 1% sodium dodecyl sulfate (SDS) (modified 

from Laemmli extraction buffer566). The samples were then heated for 5 minutes at 

72°C, rather than 95°C, to maintain the solubility of the hydrophobic ion channels. 

 

It is common practice to extract and measure total protein by a protein assay. 

However, many of the myofilament proteins are insoluble requiring high 

concentrations of SDS and DTT to completely solubilise these tissues. 

Unfortunately, this can make the sample incompatible for protein assay without a 

clean-up step which often results in loss of sample thus contributing to variability. To 

avoid incorrectly sub-sampling these proteins we opted to use vessels of the same 

size and number and the same sample volume for all protein extractions. This 

provides as good, or an arguably better, approach to standardising loading of vessel 

samples for western analysis and was validated by coomassie stain and densitometry. 
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C.2.3.3 SDS-PAGE AND WESTERN BLOTTING PROTOCOL 

Protein extracts were analysed by SDS-PAGE, coomassie brilliant blue staining and 

western blot. Densitometric scanning of stained gels prior to running western blots 

enabled adjustment of sample volumes to ensure equal loading of samples, and 

importantly, to ensure samples were in the linear range for quantitative western blot 

analysis (Figure 3).  

 A. 

 

 

 
 
 
  
  
 B. 
 
 
 
 
 
 
 
 
 
 
Figure 3: Adjustment of sample volume to ensure equal 
loading of vessel samples. A. Representative coomassie blue 
stained gel prior to sample adjustment where 20μL of samples 
were loaded. B. Representative coomassie blue stained gel after 
sample adjustment were samples of 8μL, which was within the 
linear range, were loaded.  

 

Total protein extracts were analysed using 7.5% acrylamide gels with the Bio-Rad 

Mini-PROTEAN II Electrophoresis System in Running Buffer (composition: 25mM 

Tris, 192mM Glycine and 1% SDS) at 200 volts for 1 hour. Proteins were 

electrophoretically transferred onto 0.2μm nitrocellulose membranes with the Bio-
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Rad Mini Trans-Blot Cell in Transfer Buffer (composition: 25mM Tris, 192mM 

Glycine, 20% methanol and 0.01% SDS) at 100 volts for 1 hour. To provide a 

molecular weight reference for each gel 2μL of the Fermentas PageRuler™ 

Prestained Protein Ladder Plus was loaded onto each gel (Fermentas, Australia). 

 

To prevent non-specific antibody binding the nitrocellulose was incubated in a TBS-

T solution containing 5% NFDM for 1 hour at room temperature with gentle shaking. 

Antibody detection of the pore-forming subunits of voltage sensitive Ca++ channels 

was carried out for 1 hour at room temperature. Nitrocellulose membranes were 

washed three times in TBS-T followed by incubation with the anti-rabbit IgG-

horseradish peroxidase-conjugated secondary antibody for 1 hour at room 

temperature. Nitrocellulose membranes were exposed to enhanced 

chemiluminescence reagents for 1 minute (GE Healthcare Life Sciences, Australia) 

and exposed to film for 5 minutes before developing. To avoid loss of antigen 

separate gels and blots were used for each of the three primary antibodies. 

 

To quantify the relative abundance of the pore-forming subunit of each Ca++ channel 

in the large and small vessels, the autoradiographic exposure of the western blots 

were scanned (BioRad GS-710 Imaging Densitometer, California) and the signal for 

each Ca++ channel determined using QuantityOne software (BioRad, California). The 

coomassie blue stained gel was also scanned to confirm equivalent protein loading in 

each lane. The optical density value for the T-channel western blots was then divided 

by the L-channel value to give a ratio of optical density for T/L channel abundance 

for both aortic and mesenteric vessels. 
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C.2.3.4 PROTEIN QUANTITATION 

To identify the abundance of the pore-forming subunits of the L- and T-channels 

ratiometric protein quantification was used because this provides an index of relative 

abundance of the protein. Importantly, when undertaking ratiometric analysis it is 

necessary to ensure the signal of each protein, in this case ion channel, is within the 

linear range (described below). Working in the linear range of detection provides the 

greatest sensitivity and accuracy to enable the identification of differences between 

test samples. For example, protein samples near saturation provide an under-

representation of true differences which may exist between control and test samples 

(Figure 4). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4: Representation of linear range detection. Samples 
between 0.1μL and 1μL (red rectangles) will reveal any differences 
in sample protein abundance as differences in protein band 
intensity will be more apparent. Samples at or near saturation, 
10μL and 100μL (blue rectangles) will be less efficient at 
identifying any differences in sample protein abundance as both 
the protein bands will be of similar intensity. 
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C.2.3.4.1 Establishing the Linear Range of Detection 

A series of experiments were performed to determine the volume of protein extract 

that should be loaded to ensure detection in the linear range. To achieve this 

objective 2μL, 5μL, 10μL and 20μL of protein extracts from each vessel type were 

subjected to SDS-PAGE/western blotting and detected using antibodies to the 

specific pore-forming subunits.  

 

 
 
 
 
 
 
 
 

Figure 5: Establishing the linear range of detection. 
Representative coomassie blue stained gel with 20μL, 10μL, 5μL 
and 2μL (left � right respectively) of rat mesenteric microvessel 
sample to determine the volume load required to be within the 
linear range for mesenteric samples. 

 

The optical density (OD) of the protein was plotted vs. protein load and regression 

analysis identified the linear range of detection. These analyses identified that 8μL 

was within the linear range for all the samples (Figure 8) and was therefore used for 

all subsequent ratio analyses:  

 

 

The protein profile composition varies between large and small vessels. Therefore, 

rather than normalising to total protein a ratio analysis was performed to account for 

any differences in vessel size and protein extraction efficiency. Linear range was set 

T-/L- ratio =  (OD T-channel/OD L-channel) � 100 
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over a single sample set, however, the T/L ratio was reproducible between 

independent protein extractions.  

 

C.2.3.5 DATA ANALYSIS 

The protein abundance measurements are represented as optical density (OD) 

readings. The complete data comparison values are represented as a percentage score 

normalised to the relative level of L-channel on the corresponding paired blot.  

 

C.2.3.5.1 Statistical Analysis 

Statistical differences in the protein abundance of each of the three channels in each 

tissue type were calculated using Student’s t-test with p<0.05 statistically significant. 

n refers to the number of samples taken from independent rats. 
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C.3 RESULTS 

C.3.1 Quantitation of Ca++ Channel mRNA 

C.3.1.1 mRNA EXPRESSION OF L- AND T-CHANNELS IN RAT AORTA 

AND MESENTERIC VESSELS 

 
 

Figure 6: mRNA Expression of Cav1.2, Cav3.2 and 18s in Rat 
Aorta and Mesenteric Microvessels. The CT required for double-
stranded DNA amplification to reach threshold (as represented by 
the red line) were: Aorta – Cav1.2 = 39.94, Cav3.2 = 38.74, 18s = 
30.09; Mesenteric – Cav1.2 = 40.15, Cav3.2 = 35.89, 18s = 31.01. 

 

C.3.1.2 MELT CURVE ANALYSIS OF PCR PRODUCTS FOLLOWING 

QUANTITATIVE PCR: IDENTIFICATION OF EFFICIENCY 

The efficiency of the quantitative PCR reactions were determined to be: Cav1.2 Aorta 

= 95%, Mesenteric = 95%; Cav3.2 Aorta = 93%, Mesenteric = 93%; 18s Aorta = 

92%, and Mesenteric = 91%. The melting point analysis confirmed the presence of a 

single amplicon for each sample (Figure 7). 
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Figure 7: Melting point analysis of PRC amplicons. Melt curve 
analysis showed the presence of a single amplicon in each sample with 
correct melting temperatures of 78°C for Cav1.2 amplicons, 82°C for 
Cav3.2 amplicons and 78°C for 18s amplicons. 

 

 Aorta Mesenteric 

T/L Ratio 1.28 ± 1.24 0.91 ± 0.70 
 

  

Table 2: Relative ratio of T/L Ca++ channel mRNA in rat aorta and 
mesenteric vessels. There was no difference in the T/L channel mRNA 
ratio between large and small vessels (p>0.05, n = 4). 

  

C.3.2 Relative Quantitation of Ca++ Channel Protein 

C.3.2.1 LINEAR QUANTITATION OF L- AND T-CHANNELS IN RAT 

AORTA AND MESENTERIC MICROVESSELS 

Protein extraction of the pore-forming subunit of the L-channel Cav1.2 protein 

(~190kDa), T-channel Cav3.1 protein (~250kDa) and T-channel Cav3.2 protein 

(~230kDa) from rat aorta and mesenteric vessels was carried out in 60μL of sample 

buffer as described above (Section C.2.3.2). Aliquots of these samples were loaded 

in volumes of 2μL, 5μL, 10μL and 20μL. For each antibody the volumes of 2μL, 
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  Mesenteric 

5μL and 10μL were linear with r2 values ranging from 0.98 – 1.00. However, 

overloading with 20μL of sample resulted in non-linear signal detection and 

saturation. 

 

A.   D. 

 

 

 

 

   

  

B.   E. 

 

 

 

 

 

 

C.   F. 

 

 
 
 
 
 
 
 
 

 

Figure 8: Identification of the Limits of Quantitative Detection of 
Cav1.2, Cav3.1 and Cav3.2 in Rat Aorta and Mesenteric Vessels. 
Linear range analysis of loading sample volumes of 2μL, 5μL, 10μL and 
20μL of rat aorta (A, B and C) and mesenteric vessels (D, E and F) for 
Cav1.2, Cav3.1 and Cav3.2 protein analysis. Solid red line indicates linear 
regression for 2 - 10μL volumes.  

Aorta 
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C.3.2.2 L-CHANNEL VS. T-CHANNEL ABUNDANCE 

Aorta: Relative Abundance of the Pore-Forming Subunits of Cav1.2, 3.1 and 3.2 

Quantitative ratiometric western blot analysis identified that there was no difference 

between the relative abundance of the pore-forming subunits for the Cav1.2 protein 

band with an OD = 0.29 ± 0.1, Cav3.1 protein band OD = 0.43 ± 0.29 and Cav3.2 

protein band OD = 0.40 ± 0.17 in rat aorta (p>0.05) (Figure 9).  

 

Mesenteric Vessels: Protein Abundance of the Pore-Forming Subunits of Cav1.2, 3.1 

and 3.2 

In contrast to aorta, mesenteric vessels had a significant increase in the pore-forming 

subunits for the Cav3.1 protein band with an OD = 0.90 ± 0.05* and the Cav3.2 

protein band with an OD = 1.23 ± 0.18* compared to the Cav1.2 protein band OD = 

0.47 ± 0.17 (p<0.05 vs. L-channel). Applying ratiometric analysis this reveals a 

significant increase in Cav3.1 of 112 ± 38% and Cav3.2 of 163 ± 48% when 

normalised to L-channel protein (*p<0.05) (Figure 9). 
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 A. 

 

 

 

 

 

B. 

 

 

 

 

 

 

 

 

 
 
 
Figure 9: (A) Representative western blots using specific antibodies to 
the pore-forming subunits of Cav1.2, 3.1 or 3.2 in rat aorta and mesenteric 
vessels. (B) To account for any variations in loading levels data are 
expressed as a ratio of T/L channel abundance. There was a significant 
increase in the ratio of the pore-forming subunits of the two T-channels in 
the small mesenteric vessels but no difference in the large aortic vessels 
(*p<0.05, n = 4). 

 

C.4 DISCUSSION 

Previous clinical studies381, 526, 377 and current functional studies conducted with L- 

and T-channel blockers have demonstrated an increased efficacy of the combined L- 

and T- blockers (efonidipine and mibefradil) in the microvasculature when compared 

to the L-channel blockers (verapamil and nifedipine). In order to identify the 
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molecular basis underlying this function the mRNA and protein of the pore-forming 

subunits of the L- and T-channels were quantified in large and small vessels. 

 

At the outset of this study there were no antibodies available to detect the Cav3.1 and 

3.2 subunits of the T-channel, and consequently mRNA abundance was quantified as 

a possible index of channel abundance. However, when selective antibodies for the 

pore-forming subunits became available we opted to quantify the Cav1.2, 3.1 and 3.2 

subunits as a more direct measure of Ca++ channel abundance. 

 

C.4.1 Heterogeneity in Channel Distribution According to Vessel Size 

The data from our mRNA studies is equivocal with no difference noted in the 

distribution of Cav1.2 and Cav3.2 channels between large and small vessels. There is, 

however, a large standard error which may account for the equivocal nature of this 

result.  

 

In rat aorta there was an even distribution of the protein for all three of the Ca++ 

channel subunits, Cav1.2, 3.1 and 3.2. However, in the mesenteric microvessels there 

was a significantly increased expression of the protein for the two Ca++ T-channel 

subunits consistent with the pharmacological results of Section B. For the Cav3.1 

subunit there was an increase of 112 ± 38% and an even greater increase of 163 ± 

48% for the Cav3.2 subunit (expressed relative to L-channel protein expression). 
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C.4.2 The Ca++ T-Channel in the Microvasculature 

Previous research using non-quantitative PCR provides evidence of an increase in T-

channel mRNA in mesenteric microvessels301, 305 and efferent arterioles301, 306, 553. 

Despite using quantitative PCR the mRNA data from the current study was 

equivocal. Although the means were different, which is consistent with other reports, 

the large variability resulted in no statistically significant difference between the 

means. This large amount of variation may in part be due to the factors discussed 

below (Section C.4.3) or experimenter error. Rather than continue with mRNA 

analysis, when antibodies for the T-channel proteins became available we opted to 

focus on investigating the abundance of the protein encoding the pore-forming 

subunits for Cav1.2, 3.1 and 3.2 as this would be a more direct measure of structural 

channels.  

 

Our novel findings using this approach have enabled us to identify a significant 

increase in relative T/L protein ratio for both T-channel pore-forming subunits in the 

microvasculature. Importantly, this is consistent with pharmacological data (Section 

B) suggesting an increased abundance of T-channels in the microvasculature that 

may explain the enhanced sensitivity to T-channel blockade in small but not large 

vessels. This is consistent with the finding that the T-channel blocker mibefradil 

dilates small, porcine coronary vessels to a greater extent than the larger epicardial 

vessels298. Mibefradil is also more potent at inhibiting microvascular tone than the L-

channel blocker verapamil in rat resistance vessels299.  
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Likewise a number of clinical studies indicate an increased efficacy of the combined 

L- and T-channel blockers over those that block only the L-channel. Studies of 

hypertension393, 526 suggest that combined L- and T-channel blockers have 

incremental benefits over L-channel blockers. A randomised, double-blind, placebo 

controlled, cross-over study clearly demonstrated the anti-hypertensive effects of 

efonidipine393. A comparison of diltiazem and mibefradil likewise highlighted the 

increased anti-hypertensive efficacy of mibefradil over diltiazem526. Furthermore, 

clinical studies in patients with microvascular disorders, on background verapamil 

therapy, have shown that mibefradil significantly decreases microvascular 

resistance381. These data now provide a molecular basis for the functional and clinical 

findings wherein combined L- and T-channel blockers are more effective at 

attenuating small vessel vasospasm.  

 

C.4.3 Clarifications 

mRNA expression is often analysed as a surrogate of protein expression if no 

antibodies are available, or to investigate the regulation of protein abundance at the 

transcriptional level. However, the availability of antibodies made it possible to 

analyse the protein abundance, which was found to be consistent with both the 

functional pharmacology and clinical findings. 

 
It is important to recognise that the level of mRNA does not always directly correlate 

with the level of protein in a cell. All cells contain ribonucleases which remove 

mRNAs from the cell once they have served their function567 as may be the case with 

the Ca++ channel mRNAs. mRNA which is not being translated is generally degraded 

at a faster rate567. Furthermore, translation may be initiated at different rates and 



  Section C: Ca++ L- and T-Channel Distribution  

134 
 

therefore some mRNAs may have an increased translation rate568. Consequently, 

while there is an abundance of protein there may be little or no mRNA present as 

was seen in this current study. 

 
Although quantitative western blotting is useful for identifying protein abundance 

there are many post-translational events, including protein modification and turnover, 

which can alter protein or ion channel function. Although our western blotting data is 

consistent with the functional pharmacological and clinical findings direct functional 

analysis of an ion channel, using patch-clamp techniques, is considered the most 

direct index of function. Ongoing patch-clamp studies of L- and T-channels by new 

members of our research group will directly identify the number of open channels in 

small and large vessels.  

 

C.5 CONCLUSIONS 

We have utilised ratiometric western blotting tools to show a differential expression 

of the L-type channels and T-type channels in both large and small vessels. Our 

functional data from Section B demonstrated an increased efficacy of the Ca++ T-

channel in the microvasculature, which is entirely consistent with the increased 

expression of the protein for the pore-forming subunits of the Ca++ T-channel in the 

microvasculature. This has clearly been shown throughout this section. Finally, we 

have identified there is a significant increase in the relative abundance of T/L 

channels in the microvessels only. This is consistent with, and provides a molecular 

basis for, the incremental microcirculatory benefits of the combined L- and T-

channel blockers, efonidipine and mibefradil over the conventional L-channel 

blockers. 
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This thesis investigated the heterogeneity of vascular Ca++ channels in large and 

small arterial vessels. It has utilised functional reactivity studies to examine the effect 

of various Ca++ channel blockers (CCBs) as well as molecular techniques to evaluate 

the relative distribution of the pore-forming subunits of L- and T-type channels. 

These findings have advanced our understanding of VSM Ca++ channels.  

 

Section B utilised the in vitro technique of myography to examine the effect of two 

L-channel blockers (verapamil and nifedipine) and two combined L- and T-channel 

blockers (efonidipine and mibefradil) on large and small vessel constriction. This 

study clearly demonstrated an increased efficacy of the combined L- and T-channel 

blockers in attenuating microvascular constrictor responses. The significance of this 

observation was further supported by: (1) consistent findings in both human and 

animal models, (2) reproducibility with mechanistically different vasoconstrictor 

stimuli (i.e., receptor-mediated Et-1 or depolarisation-mediated KCl), (3) incremental 

inhibition of contractile responses by efonidipine in the presence of maximal L-

channel blockade, (4) pairing of CCBs with similar effects on Ca++ channels but 

different chemical structure (verapamil – phenylalkylamine; nifedipine and 

efonidipine – dihydropyridine; and mibefradil – benzimidazole), (5) the use of CCB 

concentrations that are near-maximal for all the CCBs and equivalent to their 

therapeutic plasma levels, (6) consistent results even in the presence of an altered 

microvascular physiology in the form of chronic Et-1 receptor activation and (7) 

exclusion of an endothelium-dependent mechanism. These functional findings 

suggest that T-channels play a significant role in human microvascular tone and 

provided an explanation whereby combined L- and T-channel blockers have 
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additional therapeutic benefits over conventional L-channel blockers in 

microvascular disorders. 

 

Section C explored a potential mechanism for this divergent CCB response, by 

examining if a differential distribution of the pore-forming subunits of Cav1.2, Cav3.1 

and 3.2 existed between large and small vessels. To examine mRNA distribution 

quantitative PCR was undertaken and for protein abundance quantitative western 

blotting was used. While the PCR data revealed no difference in the T/L channel 

ratio between rat large aorta and mesenteric microvessels there was a large amount of 

variation in these data. In addition to these quantitative PCR experiments the recent 

availability of T-channel antibodies allowed for the examination of the protein 

abundance of the Ca++ L- and T-channels in both large and small rat vessels. In the 

aorta there was a similar distribution of the protein for all three of the Ca++ channel 

subunits. However, in the mesenteric microvessels there was a significantly 

increased expression of the T-channel Cav3.1 subunit of 112 ± 38% and an even 

greater increase of 163 ± 48% for the Cav3.2 subunit (expressed relative to L-channel 

protein expression). This increased expression of the two T-channel subunits in the 

microvasculature is consistent with our functional data showing an increased 

effectiveness of the combined blockers in these microvessels. 

 

The divergence between the PCR data and the protein data could be due to a number 

of factors. Firstly, there was considerable variability in the PCR results as seen by the 

large standard errors. Another possible explanation for these diverse results is that 

there is not a perfectly linear relationship between mRNA and protein. For example, 
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some mRNAs are degraded following translation into protein therefore while you 

would see the protein there would be no detectable mRNA567, 568. However, rather 

than focusing on lowering this variation to obtain a significant value we focused 

instead on protein levels as these are considered a more relevant measure of channel 

function. 

 

The above studies provide us with greater insights into the regulation of 

microvascular tone and advance our understanding of microvascular disorders. The 

combined L-and T-channel blockers already been shown to differ to L-channel 

blockers in their clinical effects on blood pressure and renal perfusion. For example, 

in a comparison of the anti-hypertensive effects of diltiazem (an L-channel blocker) 

and mibefradil, the combined L- and T-channel blocker reduced blood pressure to 

greater extent than the L-channel blocker377. Similarly, in the Posicor Reduction of 

Ischaemia in Exercise (PRIDE) comparative study of diltiazem and mibefradil, 

mibefradil significantly increased both exercise duration and time to ischaemia while 

also lowering blood pressure526. Furthermore, efonidipine has also been shown to 

have these same anti-hypertensive effects393.  

 

These anti-hypertensive effects of the combined L- and T-channel blockers are 

consistent with our functional studies examining the effect of the CCBs in the 

presence of chronic Et-1 exposure. These rats exposed to Et-1 for 7 days had a 

significantly increased blood pressure compared to sham surgery rats. In the 

mesenteric microvessels of these chronic Et-1, hypertensive rats, the combined L- 
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and T-channel blocker, efonidipine, was more effective at inhibiting contraction than 

the conventional L-channel blocker, verapamil. 

 

Studies of the glomerular microcirculation have demonstrated L-channels in the 

afferent but not the efferent arteriole whereas T-channels are found in both types of 

glomerular microvessels306. Thus L-channel blockers predominantly dilate the 

afferent arteriole and may produce glomerular hypertension whereas T-channel 

blockade does not. This may explain why efonidipine and mibefradil have been 

shown to reduce proteinuria in hypertensive patients with renal impairment whereas 

L-channel blockers do not544. 

 

In addition to its role in blood pressure and renal perfusion, the combined blockers 

also play a role in many coronary microvascular disorders. The coronary slow flow 

phenomenon is a coronary microvascular disorder characterised by the delayed 

passage of contrast during angiography reflecting the increased downstream 

resistance505. Patients with this disorder on maintenance verapamil therapy, still 

exhibit the angiographic phenomenon. However, the addition of mibefradil acutely 

improves angiographic flow381. Furthermore, mibefradil was shown to alleviate the 

debilitating angina associated with this microvascular disorder381. However, 

mibefradil has since been withdrawn from the market effectively leaving this group 

of patients with no effective therapies. Accordingly, the study supports the need for 

an alternative T-channel blocker.  
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The incremental microcirculatory benefits of the combined L- and T-channel 

blockers, efonidipine and mibefradil, over the conventional L-channel blockers are 

likely due to their additional T-channel blocking properties and the increased 

presence of T-channels compared with L-channels in the microvasculature of the rat. 

However, further studies aimed at quantifying L- and T-channels in the human 

vasculature and also defining the precise role of the T-channel with the newer CCBs 

and their role in the regulation of vascular tone are required. We believe these studies 

provide a rational explanation for the beneficial effects of combined L- and T-

channel blockers and provide the necessary data to warrant further investigation of 

the therapeutic value of these agents in cardiovascular pathologies, particularly in 

those involving increased microvascular resistance. 
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Blood Vessels

Heterogeneity of L- and T-Channels in the Vasculature
Rationale for the Efficacy of Combined L- and T-Blockade

Christine J. Ball, David P. Wilson, Stuart P. Turner, David A. Saint, John F. Beltrame

Abstract—Clinical studies suggest that T-type Ca2� channel blockade may have incremental benefits over conventional
L-channel blockade, particularly in microvascular disorders. This study examined functional vasomotor differences in L- and
T-channel blockade between large and small vessels and compared the abundance of the L- and T-type channels in these
vessels. The inhibition of endothelin-1 and potassium-induced vascular contractile responses by L-channel blockers
(verapamil and nifedipine) was compared with combined L- and T-channel blockers (mibefradil and efonidipine) in large (rat
aorta) and small (rat mesenteric and human subcutaneous) vessels using wire myography. All 4 of the Ca2� channel blockers
inhibited contractile responses to a similar extent in large rat vessels; however, in rat microvessels, the combined L- and
T-channel blockers produced significantly greater inhibition of contraction than L-channel blockers alone. The significance
of this differential T-channel effect in microvessels was further supported by the following: (1) a greater abundance of
T-channels compared with L-channels in microvessels but not in large vessels; (2) demonstration of divergent Ca2� channel
blocker responses in human microvessels; (3) incremental inhibition of constrictor responses with combined L- and T-Ca2�

channel blockers despite maximal L-channel blockade; (4) the use of structurally diverse Ca2� channel blockers with varied
affinity for L- and T-channels; (5) the use of pharmacodynamically and therapeutically appropriate Ca2� channel blocker
concentrations; (6) confirmation of contractile agonist independent responses; and (7) exclusion of an endothelium-dependent
mechanism. We propose that T-type channels play an important role in regulating contractile responses in the microvascu-
lature and, therefore, are a potential therapeutic target. (Hypertension. 2009;53:654-660.)

Key Words: calcium � calcium channel blockers � vessels � vasoconstriction � vasculature

Calcium (Ca2�) channel blockers (CCBs) have a major
therapeutic role in the management of cardiovascular

disorders, particularly as antihypertensive and antianginal
agents. These clinical effects are mediated via the inhibi-
tion of transmembrane Ca2� channels on vascular smooth
muscle cells, thus reducing Ca2� ion influx, resulting in
reduced vascular smooth muscle contraction and vascular
tone. Although chemically diverse, clinically established
CCBs such as nifedipine (a dihydropyridine CCB) and
verapamil (a phenylalkylamine CCB) mediate their effects
via a common mechanism, namely the inhibition of the
long-acting voltage-dependent Ca2� channels (L-channel).
In contrast, some new-generation CCBs, eg, mibefradil and
efonidipine, have additional effects, such as inhibition of
the transient Ca2� channel (T-channel).1

Although the clinical benefits of L-channel blockade are well
established, the benefits of T-channel blockade remain less clear.
Previous clinical studies have suggested that T-channel blockade
may have incremental antianginal benefits over L-channel
blockade alone. For example, the Posicor Reduction of Isch-
aemia During Exercise Study2 demonstrated improved exercise
treadmill parameters with mibefradil compared with diltiazem (a

benzothiazepine L-CCB). Moreover, in patients with microvas-
cular dysfunction, on background verapamil therapy, a single
dose of mibefradil substantially improved coronary angiographic
flow.3 Similarly, the antihypertensive literature reports unique
benefits of efonidipine in reducing proteinuria in hypertensive
patients with renal impairment, unlike conventional L-CCBs.4

Consistent with this renal effect, Hayashi et al5 have demon-
strated that T-CCBs dilate both afferent and efferent glomerular
arterioles, whereas L-CCBs dilate only the afferent microves-
sels, thereby explaining the apparent differential benefits of
efonidipine compared with conventional L-CCBs in reducing
proteinuria.

The above clinical benefits may be attributable to differential
vascular expression of L- and T-channels. Gustafsson et al6

demonstrated the presence of T-channel mRNA but an absence
of detectable levels of L-channel mRNA in microvessels
�40 �m in diameter. However, in contrast to these findings,
Moosmang et al7 demonstrated that mibefradil’s blood pressure
lowering and increased hindlimb perfusion effects were absent
in an L-channel conditional knockout mouse model, thereby
proposing that mibefradil’s vascular effects were mediated
via the L-channel only.
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The above clinical, pathophysiological, and genetic studies
suggest that there may be both species differences and perhaps a
differential distribution of L- and T-channels in the vasculature.
However, these findings have received little attention and,
hence, there are no detailed comparative studies evaluating
segmental heterogeneity in vascular Ca2� channels. Thus, the
primary objectives of this study were to determine, in human and
rat models, whether there were functional differences in re-
sponses to L- and T-channel blockade based on vessels size and
to identify the relative distribution of these channels in the large
and small vessels.

Methods
To achieve the above objectives, both “functional” vasomotor
studies using an in vitro myograph model and “structural” Ca2�

channel quantification studies using quantitative western blot anal-
ysis were undertaken. These studies were performed on rat vascular
tissues derived from large (thoracic aorta) or small (mesenteric)
vascular segments. Adult male Sprague-Dawley rats, aged 8 weeks
and weighing �400 g, were euthanized under fluorothane anesthesia
and 2-mm segments from the above vessels excised.

In addition to the rat vessels, human subcutaneous microvessels
were obtained from patients undergoing elective lower abdominal
surgery to determine the applicability of the microvascular vasomo-
tor findings in a human model. Patients without a history of
cardiovascular disease and not prescribed vasoactive agents were
recruited preoperatively, and written consent was obtained. These
investigations were approved by the institutional animal and human
ethics committees, respectively.

Functional Vasomotor Studies

Myograph Preparation
Rat aorta (large) and mesenteric (small) vessels were mounted in a
wire myograph (multi myograph model 610 M, Danish Myo Tech-
nology) and the resting tension normalized using the procedure
described by Mulvany and Aalkjaer.8 This normalizing method
provides a resting tension equivalent to a vessel circumference of
90% of the value at 100-mm Hg intraluminal pressure. Accordingly,
comparisons between vessels of different sizes can be undertaken,
because they have proportionate resting tensions. The vessels were
continually bathed in Krebs solution at 37°C and gassed with
Carbogen (95% oxygen, 5% carbon dioxide). The Krebs solution
was of the following composition (mmol/L): NaCl (118), KH2PO4
(1.18), NaHCO3(25), MgCl2 (1.05), CaCl2 (2.34), EDTA (0.01), and
glucose (5.56; pH 7.4). After a 30-minute equilibration, baseline
contractile responses to a depolarizing solution, potassium physio-
logical salt solution (112 mmol/L), were repetitively evaluated until
reproducible responses were obtained. Potassium physiological salt
solution was obtained by replacing the NaCl in Krebs with iso-
osmolar potassium chloride (KCl). The mean of the final 2 potassium
physiological salt solution responses was used as a reference value
for other contractile responses.

After establishing a concentration-response curve to phenyl-
ephrine, vessels were precontracted to 75% of the maximal
response and endothelial integrity assessed with incremental
doses of an endothelium-dependent vasodilator (bradykinin [BK]
0.001 to 3.000 �mol/L for human microvessels; acetylcholine
[ACh] 0.001 to 30.000 �mol/L for rat vessels). The endothelium
was considered intact if the contractile response was reduced
�80% by the endothelium-dependent vasodilator. To determine
the influence of the endothelium on the CCB responses, the
endothelium was removed in selected vessels, and loss of endo-
thelial integrity was confirmed using ACh.

Study Protocol
The experimental protocol used a paired-sample design with 1
vascular segment incubated in the study CCB and the other in the
drug vehicle, thereby providing both a temporal and vehicle control.

The vascular rings were incubated for a 30-minute period with an
L-CCB (verapamil or nifedipine), a combined L- and T-channel
blocker (efonidipine or mibefradil), or the corresponding vehicle
control. After this incubation period, vasoconstrictor agents
(endothelin-1 [Et-1] or KCl) were administered and contractile
responses recorded using Chart 5 (ADI Instruments).

The study involved 4 series of experiments. The first set of
experiments explored the vasomotor effects of various CCB concen-
tration ranges. Concentrations equivalent to the therapeutic plasma
levels in CCB clinical studies were initially used. These included
verapamil 1 �mol/L (Abbott), nifedipine 1 �mol/L (Sigma-Al-
drich), mibefradil 1 �mol/L (Sigma-Aldrich), and efonidipine
0.021 �mol/L (Nissan Chemical Industries, Ltd). Ten-fold higher
and lower CCB concentrations were then used to assess the
comparative concentration ranges.

The second series of experiments assessed the effect of the various
CCBs at their respective plasma therapeutic concentrations on
receptor-mediated vasoconstrictor responses. In these experiments,
incremental doses of Et-1 were administered and concentration-
response curves obtained. Et-1 was selected as the agonist because of
its sustained contractile responses and clinical relevance.

In a third series of experiments, the effect of administering an L-
and T-type channel blocker on constrictor responses, in vessels
exposed to maximal L-channel blockade, was assessed. This later
experiment endeavored to “pharmacologically reproduce” the
L-channel conditional knockout model established by Moosmang et
al7 and to shed light on the use of combined L- and T-channel
blockade in patients on existing CCB therapy.

Finally, the effect of the various CCBs at their therapeutic plasma
concentrations on depolarizing-mediated constrictor responses with
87 mmol/L of KCl was assessed.

Data Analysis
The inhibition of Et-1 and KCl contractions in response to the CCBs
were expressed as a percentage of the mean potassium physiological
salt solution responses. For Et-1 constrictor responses, sigmoid
curves of best fit were constructed using nonlinear regression
(GraphPad Prism, version 4.0a) with the EC50 and the concentration
for maximal response (Emax) subsequently derived. For KCl-
mediated depolarization responses, initial contraction was calculated
for each CCB. Comparisons between CCBs in EC50, Emax, and initial
contraction were assessed using ANOVA with Bonferroni correc-
tion. Data were presented as means�SEMs, P�0.05 was considered
statistically significant, and “n” refers to the number of samples
taken from independent experimental units.

Structural Quantification of Pore-Forming
Subunits of Ca2� Channels
Quantitative western blot analysis was used to identify the abun-
dance of the pore-forming subunits of L- (Cav1.2) and T- (Cav3.1,
3.2) channels in the large and small vessels. Specific antibodies
included the following: (1) anti-Cav1.2, which recognizes the �1C
subunit of the L-channel (polyclonal, rabbit IgG, Chemicon); (2)
anti-Cav3.1, which recognizes the �1G subunit of the T-channel
(polyclonal, rabbit IgG, Sigma-Aldrich); and (3) anti-Cav3.2, which
recognizes the �1H subunit of the T-channel (polyclonal, rabbit IgG,
Sigma-Aldrich).

Protein Extraction
The �1 subunits of the L-channel are known to be highly sensitive to
proteases; therefore, to prevent degradation, all of the protein
samples were extracted in the presence of Calpain Inhibitor 1
(Calbiochem) and broad-spectrum protease inhibitor Complete Mini
tablets (Roche Applied Sciences). The vessels were extracted in an
aqueous solution containing a 1:10 dilution of the calpain/protease
inhibitor mix, 1 mmol/L of dithiothreitol, 50 mmol/L of Tris (pH
6.8), 30% glycerol, 0.001% bromophenol blue, and 2% sodium
dodecyl sulfate. After extraction, the samples were heated to 70°C
for 5 minutes.
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Western Blotting Procedure
Vessel samples were analyzed by SDS-PAGE, coomassie brilliant blue
staining, and western blot. Densitometric scanning of stained gels and
western blots enabled us to adjust sample volumes to ensure equal
loading of samples and, importantly, to ensure that samples were in the
linear range for quantitative western blot analysis. Total protein extracts
were analyzed using 7.5% mini-gels and run with SDS-PAGE at 200
volts for 1 hour. Proteins were electrophoretically transferred onto
0.2-�m nitrocellulose membranes, followed by blocking of nonspecific
antibody interacting sites using 5% nonfat dried milk powder in
Tris-buffered saline (25 mmol/L of Tris-HCl [pH 7.5] and 150 mmol/L
of NaCl) containing 0.01% Tween 20 (TBS-T), solution for 1 hour.
Antibody detection of the pore-forming subunit of voltage-sensitive
Ca2� channels was carried out in solutions containing 1% nonfat dried
milk powder in Tris-buffered saline with 0.01% Tween 20 containing
the anti-Cav1.2 antibody (1:500 dilution), anti-Cav3.1 antibody (1:500),
or anti-Cav3.2 antibody (1:2000) each for 1 hour. Membranes were
washed and then incubated with an antirabbit IgG-horseradish peroxi-
dase–conjugated secondary antibody for 1 hour (1:10 000 dilution).
Blots were then briefly exposed to enhanced chemiluminescence re-
agents and signals detected using autoradiographic film.

Protein Quantification
To quantify the relative abundance of the pore-forming subunit of
each Ca2� channel present in the large and small vessels, the
autoradiographic exposures of the western blots were scanned
(BioRad GS-710 Imaging Densitometer) and the channel signal in
each lane determined with the program QuantityOne. The coomassie
blue stained gel was also scanned to identify equivalent protein
loading in each lane. The abundance of all of the Ca2� channels was
represented as the ratio of optical density for T/L channels to account
for minor differences in protein loading. Statistical differences were
calculated using Student t tests with P�0.05 taken to be significant
and “n” referring to the number of samples taken from independent
experimental units.

Results
Functional Vasomotor Studies

Ca2� Channel Blocker Concentrations
The initial experiments exploring the CCB concentration ranges
were undertaken in rat mesenteric vessels (n�5 per CCB) with

Et-1–induced constrictor responses. As illustrated in Figure 1,
the maximal inhibition produced by the therapeutic plasma level
equivalent concentration for verapamil and nifedipine was sim-
ilar to that produced by the 10-fold higher concentration,
suggesting near maximal effects for the L-CCBs at the thera-
peutic plasma level (Emax: verapamil 1 �mol/L�82�6%,
10 �mol/L�72�3%, P�0.05; nifedipine 1 �mol/L�76�3%,
10 �mol/L�67�2%, P�0.05). For the combined L- and
T-CCBs, the therapeutic plasma concentrations used were also
near maximal (Emax: efonidipine 0.021 �mol/L�45�2%,
0.21 �mol/L�41�4%, P�0.05; mibefradil 1 �mol/
L�36�4%, 10 �mol/L�29�2%, P�0.05). Furthermore, there
were no significant differences in the Et-1 EC50s across the CCB
concentration ranges for any of the CCBs. Hence, comparisons
between the exclusive L-channel blockers (verapamil and nifed-
ipine) with the combined L- and T-channel blockers (efonidipine
and mibefradil) are both of pharmacodynamic and therapeutic
relevance.

Receptor-Mediated Depolarization

Rat Aortic Vessel Responses
The aortic rings had a mean diameter of 2055�35 �m and intact
endothelium-dependent vasodilator responses with a mean max-
imal ACh relaxation of 91�1% (n�7). As shown in Figure 2A,
pretreatment with verapamil, nifedipine, efonidipine, or mibe-
fradil significantly reduced Et-1 contractile responses compared
with control (Emax: 83�6%, 79�5%, 96�3%, and 100�4%
versus control 159�6%, respectively; P�0.05). However, as
shown in the Table, there is no difference between the CCBs in the
extent of inhibition of the maximal Et-1 contractile responses.

Rat Microvascular Responses
Rat mesenteric microvessels had a mean diameter of 304�7 �m
and intact endothelium-dependent vasodilator responses with a
mean maximal ACh relaxation of 87�2% (n�6). Pretreatment
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Figure 1. CCB dose-ranging study. Inhibition of
Et-1 concentration response curves by (A) verap-
amil (f, 0.1 �mol/L; �, 1.0 �mol/L; F, 10 �mol/L;
*, 0 �mol/L), (B) nifedipine (f, 0.1 �mol/L; �,
1.0 �mol/L; F, 10 �mol/L; *, 0 �mol/L), (C) efo-
nidipine (f, 0.0021 �mol/L; �, 0.021 �mol/L; F,
0.21 �mol/L; *, 0 �mol/L), and (D) mibefradil (f,
0.1 �mol/L; �, 1.0 �mol/L; F, 10 �mol/L; *,
0 �mol/L). In each instance, � represents the
therapeutic plasma concentrations, and * repre-
sents control/solvent vehicle for rat mesenteric
microvessels (n�5).
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with verapamil, nifedipine, efonidipine, or mibefradil inhibited
Et-1 contractile responses compared with control (Emax:
82�6%, 76�3%, 45�2%, and 36�4% versus control
115�3%, respectively; P�0.05; see Figure 2B). As shown in
the Table, the combined L- and T-CCBs (efonidipine and
mibefradil) inhibited Et-1 contractile responses almost twice as
effectively as the L-CCBs (verapamil and nifedipine) in these
microvessels.

In 6 independent experiments, the endothelium was removed
from mesenteric microvessels (mean vessel diameter:
314�13 �m) by gentle rubbing against the lumen of the vessel,
and impaired endothelium-dependent vasodilatory responses
were confirmed using ACh. Pretreatment with verapamil, nifed-
ipine, efonidipine, or mibefradil in these endothelium-denuded
vessels inhibited Et-1 contractile responses (Emax: 88�4%,
83�5%, 47�1%, and 45�3%, respectively, versus control
140�2%; P�0.05; see Figure 2C). As shown in Figure 2C, the
combined L- and T-CCBs (efonidipine and mibefradil) inhibited
Et-1 contractile responses almost twice as effectively as the
L-CCBs (verapamil and nifedipine) in these microvessels.

Human Subcutaneous Microvascular Responses
The 17 subjects (55�4 years; 11 women) recruited to the study
had no known history of cardiovascular disease, although
several had cardiovascular risk factors, including hypercholes-
terolemia (29%), hypertension (24%), cigarette smoking (29%),
and diabetes mellitus (12%). No patient was being prescribed
vasodilator or statin therapy.

Subcutaneous microvessels were obtained during noncar-
diac surgery and mounted in the myograph. The mean vessel
diameter (at resting normalized tension) was 289�14 �m,

and endothelium-dependent vasodilator responses to BK
were intact in all of the vessels with a mean maximal BK
relaxation of 87�5%. The human microvascular responses to
the CCBs were similar to those of the rat microvessels
(Figure 3), with a significantly greater inhibitory effect on
Et-1–mediated contractile responses by the combined L- and
T-CCBs compared with L-channel blockade alone (P�0.05;
Table).

Inhibitory Effect of Efonidipine in Rat Microvessels With
Maximal L-Channel Blockade
In rat mesenteric vessels pretreated with maximal L-channel
blockers (either verapamil 10 �mol/L or nifedipine 10 �mol/L),
efonidipine was administered to ascertain whether there was
incremental inhibition of the constrictor response with the
combined L- and T-CCBs. Despite complete verapamil or
nifedipine-mediated L-channel blockade, efonidipine produced
incremental inhibition of Et-1 constrictor responses, suggesting
that mechanisms other than L-channel blockade were involved
(Emax difference relative to control: verapamil alone, �49�3%;
verapamil/efonidipine, �64�3%; nifedipine alone, �48�6%;
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Figure 2. Et-1-mediated developed tension in rat aortic and mesenteric vessels in the presence of CCBs. Concentration-response
curves to Et-1 after 30-minute incubation with verapamil (1 �mol/L, f), nifedipine (1 �mol/L, �), efonidipine (0.021 �mol/L, F), mibe-
fradil (1 �mol/L, �), or control/solvent vehicle (*). A, In rat aorta, there was a significant inhibition of the Et-1 Emax between the control
and each of the CCBs, although the extent of inhibition was not different between the CCBs (n�7). B, In rat mesenteric microvessels,
there was also a significant inhibition of the Et-1 Emax by each of the CCBs; however, the combined L- and T-channel blockers pro-
duced greater inhibition than the L-channel blockers (n�6). C, In endothelium-denuded rat mesenteric microvessels, the differential in-
hibitory effects of the combined L- and T-channel blockers compared with the L-channel blockers remained evident (n�6).

Table. Change in Et-1 Emax by Various CCBs

	Emax Relative Control

L-Channel CCB L- and T-Channel CCB

Verapamil Nifedipine Mibefradil Efonidipine

Rat aorta �69�1% �75�11% �68�9% �65�9%

Rat microvessel* �37�7% �43�9% �83�4% �77�7%

Human microvessel* �40�7% �56�8% �92�9% �86�8%

*Data show the significant difference in reducing Emax by combined L- and
T-channel blockers compared with L-channel blockers (ANOVA, P�0.05).
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Figure 3. Effectiveness of L- and combined L- and T-channel
blockade in human subcutaneous microvessels. Concentration-
response curves to Et-1 in human subcutaneous microvessels
after 30-minute incubation with verapamil (1 �mol/L, f), nifedi-
pine (1 �mol/L, �), efonidipine (0.021 �mol/L, F), mibefradil
(1 �mol/L, �), or control/solvent vehicle (*). There was a signifi-
cant inhibition of the Et-1 Emax between the control (123�8%)
and each of the CCBs, verapamil (81�4%)*, nifedipine
(66�1%)*, efonidipine (38�2%)**, and mibefradil (30�4%)**
(*P�0.05 vs control, **P�0.05 vs L-channel blockade; n�6).
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nifedipine/efonidipine, �67�2%; P�0.05; n�5; Figure 4, only
verapamil data shown).

High Potassium-Mediated Depolarization

Rat Aorta Vessel Responses
As shown in Figure 5A, pretreatment with verapamil, nifed-
ipine, efonidipine, or mibefradil significantly reduced the
initial KCl contractile responses compared with control (KCl:
20�1%, 20�2%, 17�2%, 18�1%, respectively; P�0.05;
n�4). However, there was no difference between the CCBs
in the extent of inhibition of contraction.

Rat Mesenteric Vessel Responses
As expected, pretreatment with verapamil, nifedipine, efonidip-
ine, or mibefradil significantly inhibited initial KCl contractile
responses compared with control (KCl: 12�1%, 12�1%,
2�1%, and 3�2%, respectively; P�0.05; n�4; see Figure 5B).
Furthermore, as observed with receptor-mediated responses, the
combined L- and T-CCBs (efonidipine and mibefradil) inhibited
KCl contractile responses to a greater extent than L-channel
blockade alone (verapamil and nifedipine) in these microvessels.

Structural Ca2� Channel Quantification Studies

Western Blotting Validation
To ensure accurate comparisons in quantitative western
blotting, linear range experiments were performed for each
tissue type and antibody. Sample loading beyond 10 �L
was identified to be at saturation point, with the linear
range for each tissue type between 5 and 10 �L and with
r2 values ranging from 0.98 to 1.00 (Figure 6).

Rat Vascular L- and T-Channel Abundance
Quantitative western blot analysis of Cav1.2 L-channel protein,
Cav3.1 T-channel protein, and Cav3.2 T-channel protein in rat
aorta revealed no relative differences in the amounts of channel
expressed in these tissues. However, analysis of the rat mesen-
teric vessels identified a significant increase in the optical
density of Cav3.1 T-channel (0.90�0.05 OD) and Cav3.2
T-channel (1.23�0.18 OD) compared with the Cav1.2
L-channel (0.47�0.17 OD). Using ratiometric analysis, these
values equate to a significant increase of 112�38% expression
of the Cav3.1 T-channel and a significant increase of 163�48%
expression of the Cav3.2 T-channel (n�4; Figure 7).

Discussion
The above experiments demonstrate segmental heterogeneity in
vascular responses between conventional L-CCBs (verapamil
and nifedipine) and newer agents with combined L- and T-Ca2�

channel-blocking properties (efonidipine and mibefradil). Spe-
cifically, we have identified that there were no differences
between CCBs in the inhibition of contractile responses in the
large conduit vessels; however, in the microvasculature of both
humans and rats, combined L- and T-channel blockers were far
more effective at attenuating contraction. The significance of
this observation is further supported by the following: (1) a
relative increase in the abundance of the pore-forming subunits
Cav3.1 and Cav3.2 of the T-channel compared with the Cav1.2
subunit of the L-channel in the microvessels only (Figure 7); (2)
consistent results in both human and animal models (Figures 2B
and 3); (3) reproducibility with mechanistically different vaso-
constrictor stimuli (ie, receptor-mediated Et-1 or depolarization-
mediated KCl; Figures 2 and 5); (4) incremental inhibition of
contractile responses by efonidipine in the presence of maximal
L-channel blockade (Figure 4); (5) pairing of CCBs with similar
effects on Ca2� channels but different chemical structure (ve-
rapamil: phenylalkylamine; nifedipine and efonidipine: dihydro-
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Figure 4. In the presence of maximal L-channel blockade, the
addition of efonidipine reduces developed tension in rat mesenteric
vessels. Concentration-response curves to Et-1 in the presence of
verapamil (10 �mol/L, f), verapamil (10 �mol/L)/efonidipine
(0.21 �mol/L; �), or control/solvent vehicle (*) in rat mesenteric
vessels. After incubation with the maximal verapamil concentration,
there was a significant inhibition of the Et-1 Emax vs the control.
However, in the presence of maximal verapamil followed by addi-
tion of efonidipine, there was a further significant inhibition of Et-1–
mediated developed tension (verapamil alone: 70�2%*; verapamil/
efonidipine: 41�2%** vs control: 120�4%; *P�0.05 vs control,
**P�0.05 vs verapamil alone; n�5).
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A                                     B Figure 5. The role of L- and T-channels in
depolarization-mediated extracellular Ca2� entry in large
and small vessels. Peak KCl contraction after 30-minute
incubation with verapamil (1 �mol/L), nifedipine (1 �mol/
L), efonidipine (0.021 �mol/L), mibefradil (1 �mol/L), or
control/solvent vehicle. A, In rat aorta there was a signifi-
cant inhibition of the peak KCl response between the
control and individual CCBs but no difference between
the CCBs (n�4). B, In rat mesenteric microvessels, all of
the CCBs significantly inhibited KCl contractile
responses. Moreover, the combined L- and T-channel
blockers (efonidipine and mibefradil) more effectively
inhibited KCl responses compared with the L-channel
blockers (*P�0.05 L- and T-channel blockers vs
L-channel blockade alone; n�4).
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pyridine; and mibefradil: benzimidazole); (6) the use of CCB
concentrations that are near maximal for all of the CCBs and
equivalent to their therapeutic plasma levels (Figure 1); and (7)
exclusion of an endothelium-dependent mechanism (Figure 2B
and 2C). These functional and structural findings suggest that

T-channels may play a significant role in human microvascular
tone and provides a mechanism whereby combined L- and
T-CCBs may have additional therapeutic benefits over conven-
tional L-channel blockers.

Role of T-Channels in the Vasculature
Efonidipine9,10 and mibefradil11 inhibit T-channel currents sig-
nificantly more than the L-channel currents in isolated vascular
smooth muscle preparations. Other investigators have also sug-
gested that mibefradil may be more effective in the microvas-
culature. Kung et al12 demonstrated that mibefradil dilates
endothelin-contracted porcine small coronary vessels more ef-
fectively than larger coronary arteries. VanBavel et al13 showed
that mibefradil is more potent than verapamil in inhibiting
myogenic tone in rat cremasteric muscle arterioles.

Recently, Moosmang et al,7 using a conditional L-channel
knockout mouse model, demonstrated a loss of mibefradil’s
vasomotor effects, including impairment of its blood pressure–
lowering effect and a reduction in its inhibition of vasoconstric-
tor effects in a hindlimb perfusion model. Appropriately, these
researchers concluded that, in their mouse model, vasomotor
effects of mibefradil were mediated exclusively via the
L-channel. We have pharmacologically reproduced the inactiva-
tion of L-channels using maximal concentrations of the
L-channel blockers (Figure 4). Our functional data with human
and rat microvessels indicate that L-channel blockade inhibits
contractile responses by approximately half. However, the addi-
tion of T-channel blockade in these microvessels results in a
further 30% reduction in contractile responses. These data
support the notion that there are species differences among both
rodent models and humans.
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Figure 6. Relative quantitation of Ca2� channels requires analysis of channels in the linear range. Linear analysis experiments for aorta and
mesenteric tissue. A, Over a range of sample loadings, the L-channel demonstrated linearity for both the aorta and mesenteric tissue with r2

values of 0.99 and 1.00, respectively. B, T-channel (Cav3.1) linear signal for the aorta and mesenteric tissue with r2 values of 1.00 and 0.98,
respectively. C, T-channel (Cav3.2) linear signal for the aorta and mesenteric tissue with r2 values of 1.00 and 0.98, respectively.

Figure 7. The relative abundance of the pore-forming subunits of
Cav1.2 L-channel, Cav3.1 T-channel, and Cav3.2 T-channel in large
and small vessels. A, Representative western blots using specific
antibodies to the pore-forming subunits of Cav1.2, 3.1, or 3.2 in rat
aorta and mesenteric vessels. B, To account for any variations in
loading levels, cumulative data are expressed as a ratio of T/L
channel abundance. There was a significant increase in the ratio of
the pore-forming subunits of the 2 T-channels in small vessels;
Cav3.1: 112�38% increase*; Cav3.2: 163�48% increase* vs
L-channels but no difference in large vessels (*P�0.05; n�4).
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Clinical Implications
The new-generation CCBs, which have combined L- and T-
channel–blocking properties, appear to have incremental clinical
benefits over the conventional L-CCBs. As demonstrated in this
study, these 2 groups of CCB agents differ in their pharmaco-
dynamic responses at the small resistance vessel level. Because
these vessels play a pivotal role in the regulation of blood
pressure, renal perfusion, and coronary blood flow, additional
benefits of the newer agents could be expected in disorders
relating to these circulations. For example, in a comparison of
the antihypertensive effects of diltiazem (an L-channel blocker)
and mibefradil, the combined L- and T-channel blocker reduced
blood pressure to a greater extent than the L-channel blocker.14

Furthermore, efonidipine has also been shown to have these
same antihypertensive effects.15

Studies of the glomerular microcirculation have demonstrated
L-channels in the afferent but not the efferent arteriole, whereas
T-channels are found in both types of glomerular microvessels.16

Thus, L-channel blockers predominantly dilate the afferent
arteriole and may produce glomerular hypertension, whereas
T-channel blockade does not. This may explain why efonidipine
and mibefradil have been shown to reduce proteinuria in
hypertensive patients with renal impairment, whereas L-channel
blockers do not.5

The coronary slow-flow phenomenon is a coronary microvas-
cular disorder characterized by the delayed passage of contrast
during angiography reflecting the increased downstream resis-
tance.17 Patients with this disorder on maintenance verapamil
therapy still exhibit the angiographic phenomenon. However,
the addition of mibefradil acutely improves angiographic flow.3

Furthermore, mibefradil was shown to alleviate the angina
associated with this microvascular disorder.3 Mibefradil has also
been shown to reduce myocardial ischemia more effectively
than diltiazem in atherosclerotic coronary artery disease.2 Our
combination CCB experiments are consistent with these clinical
findings such that the addition of efonidipine in the presence of
maximal L-channel blockade produced incremental inhibition of
microvascular constrictor responses.

Perspectives
The incremental microcirculatory benefits of the combined L-
and T-channel blockers, efonidipine and mibefradil, over the
conventional L-channel blockers are likely attributable to their
additional T-channel blocking properties and the increased
presence of T-channels compared with L-channels in the micro-
vasculature of the rat. However, further studies aimed at quan-
tifying T- and L-channels in the human vasculature and also
defining the precise role of the T-channel with the newer CCBs
and their role in the regulation of vascular tone are required. We
believe that these studies provide a rational explanation for the
beneficial effects of combined L- and T-channel blockers and
provide the necessary data to warrant further investigation of the
therapeutic value of these agents in cardiovascular conditions,

particularly in those involving increased microvascular
resistance.

Acknowledgments
We acknowledge Nissan Chemical Industries Ltd (Tokyo, Japan) for
their supply of the efonidipine.

Sources of Funding
C.J.B. is supported by a University of Adelaide and Queen Elizabeth
Hospital Research Foundation Postgraduate Scholarship. J.F.B. is a
National Heart Foundation of Australia Research Fellow.

Disclosures
None.

References
1. Richard S. Vascular effects of calcium channel antagonists: new

evidence. Drugs. 2005;65(suppl 2):1–10.
2. Lee D, Goodman S, Dean D, Lenis J, Ma P, Gervais P, Langer A, PRIDE

Investigators. Randomized comparison of T-type versus L-type calcium-
channel blockade on exercise duration in stable angina: results of the
Posicor Reduction of Ischaemia During Exercise (PRIDE) Trial. Am
Heart J. 2002;144:60–67.

3. Beltrame J, Turner S, Leslie S, Solomon P, Horowitz J. The angiographic
and clinical benefits of mibefradil in the coronary slow flow phenomenon.
J Am Coll Cardiol. 2004;44:57–62.

4. Hayashi K, Kumagai H, Saruta T. Effect of efonidipine and ACE inhib-
itors on proteinuria in human hypertension with renal impairment. Am J
Hypertens. 2003;16:116–122.

5. Hayashi K, Wakino S, Sugano N, Ozawa Y, Homma K, Saruta T. Ca2� channel
subtypes and pharmacology in the kidney. Circ Res. 2007;100:342–353.

6. Gustafsson F, Andreasen D, Salomonsson M, Jensen B, Holstein-Rathlou N.
Conducted vasoconstriction in rat mesenteric arterioles: role for dihydropyridine-
insensitive Ca(2�) channels. Am J Physiol. 2001;280:H582–H590.

7. Moosmang S, Haider N, Bruderl B, Welling A, Hofmann F. Antihyper-
tensive effects of the putative T-type calcium channel antagonist mibe-
fradil are mediated by the L-type calcium channel Cav1.2. Circ Res.
2006;98:105–110.

8. Mulvany M, Aalkjaer C. Structure and function of small arteries. Physiol
Rev. 1990;70:921–961.

9. Tanaka H, Shigenobu K. Efonidipine hydrochloride: a dual blocker of L-
and T-type Ca(2�) channels. Cardiovasc Drug Rev. 2002;20:81–92.

10. Lee T-S, Kaku T, Takebayashi S, Uchino T, Miyamoto S, Hadama T,
Perez-Reyes E, Ono K. Actions of mibefradil, efonidipine and nifedipine
block of recombinant T- and L-type Ca2� channels with distinct inhib-
itory mechanisms. Pharmacology. 2006;78:11–20.

11. Mishra S, Hermsmeyer K. Selective inhibition of T-type Ca2� channels
by Ro 40-5967. Circ Res. 1994;75:144–148.

12. Kung C, Tschudi M, Noll G, Clozel J, Luscher T. Differential effects of
the calcium antagonist mibefradil in epicardial and intramyocardial
coronary arteries. J Cardiovasc Pharmacol. 1995;26:312–318.

13. VanBavel E, Sorop O, Andreasen D, Pfaffendorf M, Jensen B. Role of
T-type calcium channels in myogenic tone of skeletal muscle resistance
arteries. Am J Physiol. 2002;283:H2239–H2243.

14. Bittar N. Comparative antihypertensive effectiveness of once-daily mibe-
fradil and diltiazem CD. Mibefradil hypertension study group. Clin Ther.
1997;19:954–962.

15. Koh K, Quon M, Lee S, Han S, Ahn J, Kim J, Chung W, Lee Y, Shin E.
Efonidipine simultaneously improves blood pressure, endothelial
function, and metabolic parameters in nondiabetic patients with hyper-
tension. Diabetes Care. 2007;30:1605–1607.

16. Hansen P, Jensen B, Andreasen D, Skøtt O. Differential expression of T-
and L-type voltage-dependent calcium channels in renal resistance
vessels. Circ Res. 2001;89:560–562.

17. Beltrame J. Chest pain and normal angiography. In: Braunwald E, ed.
Braunwald’s Heart Disease Edition. Vol 2006. Philadelphia, PA:
Elsevier; 2006.

660 Hypertension April 2009

 by on December 8, 2009 hyper.ahajournals.orgDownloaded from 



Appendix 2

150

APPENDIX 2



 JOURNAL OF THE AMERICAN HEART ASSOCIATION

 efficacy of Combined L- and T-Blockers
Vascular Calcium L- & T-channel Distribution: A contributing factor to the observed

 David P. Wilson, Christine J Ball, Stuart P Turner, David A Saint, and John F. Beltrame

HYPERTENSION/2009/133850 

You might find this additional information useful.

 Topic Collections

 http://hyper.ahajournals.org/cgi/collection
collections:
Articles on similar topics can be found in the following

 Reviews

 Reviewer Area
 and entering thehttp://submit-hyper.ahajournals.org

You can submit your review by logging in at 

 http://hyper.ahajournals.org
 can be found at:HypertensionInformation about 

 http://hyper.ahajournals.org/subscriptions/, please go to HypertensionTo subscribe to 

 purposes only, and not to be further disclosed.
Disclaimer: The manuscript and its contents are confidential, intended for journal review

 on April 14, 2009 http://submit-hyper.ahajournals.orgDownloaded from 



 
Vascular Calcium L- & T-Channel Distribution:  

A contributing factor to the observed efficacy of Combined L- and T-Blockers. 
 

 

Wilson, Combined Calcium L- & T-Channel Blockers. 

 

David P. Wilson BSc (Hons), MSc, PhD
1,2

  

Christine J. Ball BSc (Hons)
1
 

Stuart P. Turner BMed, FRACP, PhD
1
  

David A. Saint BSc (Hons), PhD
2
  

John F. Beltrame BSc, BMBS, FRACP, PhD, FESC, FACC, FCSANZ
1
 

 

1. Cardiology Research Laboratory, The Queen Elizabeth Hospital,  

The University of Adelaide, Adelaide, Australia; 
 

2. Department of Physiology, School of Molecular and Biomedical Science, The 

University of Adelaide, Adelaide, Australia. 

 

CORRESPONDENCE: Dr John F. Beltrame,  

Cardiology Research Laboratory,  

The Queen Elizabeth Hospital, University of Adelaide. 

28 Woodville Road, Woodville South, SA 5011, Australia.  

  Phone: +61-8-8222 7632  Fax: +61-8-8222 6624 

E-mail: john.beltrame@adelaide.edu.au. 

 

WORD COUNT: 278 

 

SUBJECT CODE: [118] Cardiovascular Pharmacology 

 

MANUSCRIPT ID: HYPERTENSION/2009/133850 - Response to 133504 



Vascular Calcium L- & T-channel Distribution:  
A contributing factor to the observed efficacy of Combined L- and T-Blockers. 

 

We acknowledge and endorse comments made by Professor Godfraind, that the response to 

calcium channel blockers (CCBs) is multifactorial.  However, our data indicate that regional  

differences in calcium L- and T-channel abundance may be an important additional 

mechanism that accounts for differential responses to calcium channel blockers. Data from 

our previous and ongoing studies suggest that the greater inhibition of constrictor responses in 

microvessels by combined L- & T-channel blockers compared with the L-channel blockers, is 

independent of many of these alternate mechanisms. 

 

Our studies focused upon the inhibition of constrictor responses by CCBs and therefore their 

ability to inhibit Ca
++

 channel activation and/or maintain an inactivated state. Both endothelin 

and depolarizing potassium solution responses were more effectively inhibited in 

microvessels by the combined L- & T-channel blockers than the L-channel blockers. We have 

also observed these differences with phenylephrine constrictor responses suggesting the 

inhibition of Ca
++

 channel activation (and/or maintenance of Ca
++

 channel inactivation) by the 

combined L- & T-channel blocker is more effective in the microvessels. Our ongoing studies 

are evaluating the relative contribution of the L- and T-channels in this phenomenon. 

 

Regarding other non-Ca
++

 channel blocking effects of the CCBs, we excluded endothelial 

influences such as nitric oxide production by observing the phenomenon in endothelial 

denuded microvessels. Our ongoing studies are evaluating whether vascular disease states 

also influence the distribution of T- vs L-channels. These studies provide impetus for the 

further development of combined L- & T-channel blockers since these agents may provide 

incremental benefits in the treatment of cardiovascular disorders. 

 

 

DP Wilson 

CJ Ball 

SP Turner 

DA Saint 

JF Beltrame 



Appendix 3

154

APPENDIX 3



Patient Health Questionnaire – Calcium Channel Distribution in the Vasculature

Page 1 of 1

DATE .....................................

CALCIUM L- AND T-CHANNEL DISTRIBUTION IN THE HUMAN

VASCULATURE

NAME ................................................. URN ...........................................

DATE OF BIRTH...............................

PROCEDURE ................................................................................................................................

RISK FACTORS

Current Smoker Y N ...................................cigs/d

Ex-Smoker Y N ...................................cigs/d

Hypertension Y N ...........................................

Diabetes Y N ...........................................

Family History (CAD) Y N ...........................................

Cholesterol > 5.5 Y N ...........................................

MEDICATIONS

B Blockers Medication/Dosage details .....................................

CCB Medication/Dosage details .....................................

ACE-inhibitors Medication/Dosage details .....................................

Nitrates Medication/Dosage details .....................................

Other Medication/Dosage details .....................................

MEDICAL HISTORY

..........................................................................................................................................................

..........................................................................................................................................................

..........................................................................................................................................................
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